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Chapter 1 
GENERAL INTRODUCTION 
Aim of the present study 
Exposure of aquatic and terrestrial organisms to the highly toxic 
metal cadmium (Cd) produces characteristic pathological symptoms. Many 
of these symptoms reflect disturbances in calcium (Ca) metabolism, such 
as hypocalcemia in fish (Roch and Maly, 1979; Giles, 1984; Reid and 
McDonald, 1988; Pratap et al., 1989), and reduced intestinal Ca2+ 
absorption, impaired bone formation and osteomalacia in mammals 
(Foulkes, 1986; Nomiyama, 1986). The present study aimed to improve our 
understanding of the effects of cadmium (Cd) on animal calcium (Ca) 
physiology by searching for a basal mechanism of Cd-toxicity. One may 
expect certain similarities in the behavior of the divalent ions of Ca 
and Cd as they have almost identical radii (Jacobson and Turner, 1980). 
A striking example of similarity in behavior is the activation of the 
2+ 2+ 
ubiquitous Ca -dependent regulator protein calmodulin by both Ca and 
Cd2+ (Chao et al., 1984; Flik et al., 1987). 
2+ In a comparative study we have investigated the effects of Cd on 
2+ Ca transport in fish gills, rat intestine, rat kidneys and human 
2+ 2+ 
erythrocytes. Analyses of Ca and Cd absorption through epithelia 
require accurate control over concentration and speciation of Ca and Cd 
at the mucosal side of the transporting epithelium. Fish gills provide 
an excellent model for such studies as the external Ca- and Cd-
concentrations can precisely be manipulated. Such control cannot easily 
be achieved in for instance an intestine in the presence of food 
digests. However, methods for the in vitro study of enterocyte 
2+ 
membrane-bound Ca pumps are well documented (for a review see Van Os, 
2+ 1987) and we employed similar methods to study the effects of Cd on 
2+ these Ca pumps. We further used human erythrocyte membranes, which 
2+ have the additional advantage that their Ca pump activity is easily 
manipulated with exogenous calmodulin. 
Chemistry of Cd 
Cadmium was discovered in 1817 by two German investigators, 
Strohmeier and Hermann, as an impurity in zinc carbonate. Initially, 
the metal was not recognized as an element and it was given the ancient 
Greek name for zinc oxide (kadmeia). Cd belongs to group IIB of the 
Periodic Table where it is positioned between zinc and mercury. It has 
an atomic mass of 112.4. The ionic radius of Cd' is 97 pm (that of 
2+ Ca is 99 pm). Compared to Ca, Cd is both more polarizable, because of 
the larger number of electrons, and more polarizing, because of the 
organization of its electron shells (Aylett, 1979). However, the 
predictive value of ion size, of effective nuclear charge, and of 
consequent polarizing power for e.g. ion hydration and interaction with 
anions is generally low (Aylett, 1979). Thus the toxic action of Cd 
cannot be deduced from these parameters. Important for the free ion 
2+ 
activity are the stability constants of complexes of Cd in solution. 
In particular the presence of sulfhydryl groups in ligands may lead to 
2+ the formation of strong Cd complexes, and more so when the sulfhydryl 
groups are deprotonated (Aylett, 1979). Therefore, proteins carrying 
2+ functional sulfhydryl groups may be predicted to be sensitive Cd 
targets in animals. 
Cd-toxiclty 
Cd has become widely spread in the environment as a waste product of 
several industries. Zinc smelting and electroplating processes are the 
major sources of Cd, whereby it is dumped as an airborne and aquatic 
pollutant. Cd is generally believed to be a non-essential element for 
biological life (Vallee and Ulmer, 1972). 
The toxicity of Cd in vivo is well documented (Friberg et al., 
1974). Terrestrial vertebrates may absorb Cd via their lungs and/or 
intestine, which can result in illness and death. The aquatic, gill-
breathing fish are especially sensitive to waterborne Cd (Roberts et 
al., 1979). However, the events underlying the symptoms of Cd toxicity 
(primarily hypocalcemia) are poorly understood. In the classical 
toxicology a frequently used measure for the toxicity of a pollutant is 
the concentration which kills 50Ï of a group of animals within a given 
time period (the LC50). A 'safe' level of the toxic substance is then 
set at a fraction of this LC5Q-value. 'Safe levels' have furthermore 
been defined as those which do not affect the reproductive success in a 
natural population. In such studies, however, the assessment of the no-
effect level is complicated by the dynamics and variability of natural 
populations. As a consequence, the toxicity of a particular pollutant 
may well be underestimated. A more fundamental approach in determining 
2+ the toxicity of Cd , which has received little attention so far, is 
the study of the interaction of the metal with its primary targets at 
the molecular level. This approach will reveal key events that remain 
undetected when evaluating the toxicity at the organismal level and has 
been followed in the present study. 
Cd accumulation in fish 
Cd taken up by fish from water or food is subsequently redistributed 
from the gills and intestine to the liver and kidney (Thomas et al., 
1983; Olsson and Hogstrand, 1987; Kuroshima, 1987). The Cd-toxicity of 
waterborne or dietary Cd to fish may depend on factors such as species 
and life-stage of fish, Cd concentrations in food and water, food 
composition, and Cd speciation in water (Williams and Giesy, 1978). For 
instance, the toxicity of waterborne Cd correlates with the occurrence 
of the free Cd ion (Sunda et al., 197Θ). A physiological defense 
mechanism against Cd toxicity is its sequestration by Cd-binding 
proteins. In fish injected intraperitoneally with Cd, the metal is 
readily bound by metallothioneins (MT's; e.g. Overnell and Coombs, 
1979). However, in trout exposed to waterborne Cd at concentrations 
that the fish may encounter in nature, the metal is found in gills, 
liver and kidney associated with two other species of low-molecular 
weight proteins and not with MT's, although zinc- (and copper-) 
containing MT's are present (Thomas et al., 1985). Experiments in our 
laboratory on freshwater tilapia (Fu et al., 1989a) have shown that the 
MT content in the gills is low and does not increase during 4 days 
2+ 
exposure to Cd, whereas branchial Ca uptake becomes inhibited under 
such conditions. 
Cadmium-calcium interaction in fish 
2+ Freshwater fish take up Ca mainly via the gills (Mugiya and Ichii, 
1981; Flik et al., 1985a), which are lined by a tight ion-transporting 
epithelium (Isaia et al., 1978). Perry and Flik (1988) provided 
2+ 
evidence that branchial Ca uptake occurs via a transcellular process. 
2+ It was shown before that Ca uptake via the gills in fish is essential 
for growth and calcium homeostasis (Flik et al., 1985a). Exposure of 
2+ freshwater fish to Cd in the water leads to a disturbed Ca balance, 
resulting in hypocalcemia (e.g. Fratap et al., 1989). The hypocalcemia 
2+ has tentatively been attributed to an impaired Ca uptake (Giles, 
1984), although the underlying mechanism remained unclear. 
Cd accumulation in mammals 
In mammals, Cd absorbed from the lungs or intestine is transported 
to the liver and taken up by the liver cells, where it is strongly 
bound to metallothioneins (MT's; Kägi and Nordberg, 1979). MT's are 
cysteine-rich proteins normally involved in cellular zinc and copper 
homeostasis (Brady, 1982). Cd increases the level of MT-gene 
transcription (Enger et al., 1986). On the basis of their capacity to 
sequester Cd, MT's have also been attributed a role in Cd 
detoxification. Consensus exists that Cd bound to MT is biologically 
inactive. Cd-MT is transferred from the liver to the kidney, probably 
through the secretion of Cd-MT by the liver cells (Piscator, 1986). 
When excessive amounts of Cd enter the body, hepatic metallothioneln 
induction may not suffice for complete detoxicifation, and this may 
result in liver dysfunction. The Cd-MT complex is then released from 
damaged hepatic cells into the blood (Tanaka et al., 1981). It is 
subsequently transported to the kidneys (e.g. Nomiyama, 1977) where it 
is freely filtered through the glomeruli and reabsorbed in the proximal 
tubules. As a result Cd predominantly accumulates in the resorptive 
epithelial cells of the proximal tubule (Friberg et al., 1974; Cherian 
et al., 1976; Foulkes, 1978; Felley-Bosco and Diezi, 1987). The luminal 
Cd uptake by the renal tubular epithelium depends to a large extent on 
the chemical form of the metal: Cd-MT complexes are readily taken up, 
in contrast to Cd ions (Felley-Bosco and Diezi, 1987). In renal cells 
Cd-MT is quickly degraded in lysosoroes and this degradation results in 
high levels of non-thioneine bound Cd (Cain and Holt, 1983), which is 
thought to produce the toxic effect (Squibb et al., 1982). 
Cadmium-calcium interaction in mammals 
As mentioned above many studies report on the interaction of Cd with 
the Ca metabolism in mammals. The most dramatic effects of Cd are 
observed in the intestine, in the kidney and in the bones. The 
inhibition by Cd of intestinal Ca absorption, which becomes noticeable 
even after a relatively short exposure to moderate concentrations of Cd 
in the food, is considered an important mode of Cd-intoxication 
(Larsson and Fiscator, 1971; Kobayashi, 1973; Sugawara and Sugawara, 
1974; Friberg et al., 1974; Sugawara, 1977; Ando et al., 1978). It is 
worth mentioning that the duodenum - the section of the intestine which 
is primarily responsible for intestinal Ca absorption - retains the 
major part of orally administered Cd (Philipotts, 1980). 
2+ Concerning the effects of Cd on the kidneys ample evidence has 
been advanced that the renal control of the Ca and phosphate balance 
becomes disturbed by Cd exposure (e.g. Axelsson, 1963). Uptake of Cd by 
the kidneys occurs, as mentioned above, almost exclusively in the 
proximal tubules. Noteworthy, this is the same part of the nephron 
2+ 
where approximately 60Ï of filtered Ca is reabsorbed, a process 
partly (25%) depending on active transport mechanisms in the rat 
(Ullrich et al., 1976; van Os, 1987). 
2+ With respect to effects of Cd on the bone, it has been shown that 
2 + disturbances of the Ca and phosphorus balance by Cd will change the 
bone mineral composition; yet Cd does not accumulate to any 
considerable extent in osseous tissue. Whereas the effects of Cd 
intoxication on Ca homeostasis may become serious in a very short time 
period, symptoms such as osteomalacia and other changes in the skeleton 
(itai-itai disease) require considerable time to develop (Friberg et 
al., 1974). 
Outline of the present study 
We first focussed on short term (less than 24 h) exposure of fish to 
study the early effects of Cd exposure. In this approach complications 
are avoided that arise from prolonged exposure such as metal 
accumulation in various internal organs, induction of metal-binding 
proteins or endocrine adaptations. We tested the effects of short term 
2+ + Cd-exposures on Ca and Na transport in trout gills (chapters 2 and 
3). Ca influx appeared to be specifically inhibited by waterborne 
2+ 2+ 
Cd (chapter 2). Cd readily entered the branchial cells, likely 
2+ through Ca -channels in the apical membrane (chapter 3). In vitro 
studies with basolateral plasma membrane vesicles from branchial 
2+ 
epithelium showed that the plasma membrane Ca pump, which normally 
2+ 
extrudes Ca from the cell, was inhibited by nanomolar concentrations 
2 + Cd (chapter 4). We concluded from this extremely high sensitivity to 
2+ 2+ 
Cd that the plasma membrane Ca pump is the primary Cd-target for 
this metal. The general validity of this hypothesis was tested by 
2+ 
examining membrane Ca pump systems in mammalian intestine and 
2+ kidneys (chapter 5). The Ca pump in plasma membranes from rat 
2+ duodenum and rat kidney cortex showed a similar sensitivity to Cd as 
2+ 2+ 
the Ca pump in the gills of fish. We hypothesized that Cd exposure 
2+ 
of cells would thus result in an increase in intracellular Ca . Since 
2+ 2+ 
intracellular Ca is also regulated by Ca sequestration by 
endoplasmic reticulum and mitochondria (Rasmussen and Barret, 1984), we 
2+ 2+ 
tested the effects of Cd on this Ca sequestration (chapter 5). It 
2+ 
was shown that uptake of Ca by endoplasmic reticulum and mitochondria 
in rat duodenal villus cells was inhibited by nanomolar concentrations 
Cd2+. 
2+ 2+ 
The inhibition of plasma membrane Ca pumps by Cd appeared to be 
purely competitive which indicates a direct competition between Ca 
2+ 2+ 
and Cd for the Ca binding site of the enzyme. The possible 
2+ involvement of the Ca -dependent regulator protein calmodulin in the 
2+ 2+ 
inhibition of the Ca pump by Cd was studied in membranes from human 
erythrocytes (chapter 6). In calmodulin depleted membrane vesicles from 
2+ 
erythrocytes the Ca transport could readily be stimulated by 
2+ 2+ 
exogenous calmodulin. It was shown that Cd inhibition of the Ca 
pumps resulted from a competition between Cd and Ca for the Ca 
binding site on the enzyme and that calmodulin was not involved in the 
inhibitory action. 
In the general discussion the results of our experiments have been 
2+ 
compiled to a model for Cd toxicity in an ion transporting cell. The 
2+ 
model proves a useful tool to explain phenomena in relation to Cd 
toxicity that were hitherto not understood. Finally, implications of 
2 + this model for the (re-)assessment of "no-effect levels" of Cd will 
be discussed. 

Chapter 2 
CADMIUM INHIBITION OF Ca 2 + UPTAKE IN RAINBOW TROUT GILLS 
ABSTRACT 
2+ 9 + 
The effects of Cd on Ca transport in the gills of rainbow trout 
(Salmo gairdneri) were studied. The gill epithelium of freshwater fish 
2+ 
represents a model for a Ca transporting, tight epithelium. 
2+ Unidirectional Ca fluxes in the gills were estimated in an isolated 
2+ 
saline perfused head preparation. Ca influx was not affected when up 
to 10 μΜ Cd was added to the ventilatory water at the start of flux 
determinations (In vitro exposure). However, after 16 h in vivo 
preexposure of the fish to 0.1 μΜ Cd in the water a 79% inhibition of 
2+ 2+ 
Ca influx was observed. Ca efflux was not affected when up to 10 μΜ 
Cd was added to the ventilatory water during the flux determination. 
2+ Ca efflux in fish preexposed to 0,1 μΜ Cd for 16 h was also not 
affected; a preexposure to 1 μΜ Cd, however, resulted in a 173% 
2+ increase in Ca efflux. Tracer retention in the gill tissue indicated 
2+ 2+ 
that both Ca and Cd enter the gill epithelium via a 
3+ 2+ 
La -inhibitable pathway. It is concluded that Cd readily enters the 
2+ 3 + 
branchial epithelial cells, similarly as Ca does via La -sensitive 
2+ 2+ 
apical Ca -channels. The inhibitory action of Cd on transepithelial 
2+ 9 + 
Ca influx seems to result from an inhibition of the basolateral Ca 
2+ transport, occurring after a critical intracellular Cd concentration 
has been reached. 
P.M. Verbosi, G. Flik, R.A.C. Lock, and S.E. Wendelaar Bonga 
Am. J. Physiol. 253, R216-R221 (1987) 
INTRODUCTION 
Cadmium (Cd) is known to cause a wide spectrum of toxic effects in 
fish (Webb, 1979a; Christensen, 1975; Benoit et al., 1976; McCarty and 
Houston, 1976; Bishop and Mcintosh, 1981; Majewski and Giles, 1981) 
2+ Exposure of freshwater fish to Cd in the water leads to a disturbed 
Ca balance, resulting in hypocalcemia (Roch and Maly, 1979; Giles, 
1984). An important factor effecting mortality may be a serious 
2+ hypocalcemia after Cd exposure (Roch and Maly, 1979). Little is 
2+ known, however, about the mechanism(s) of Cd toxicity in fish, 
especially with regard to Ca homeostasis. Giles (1984) proposed that 
2+ the hypocalcemia after Cd exposure might result from an impairment of 
2+ 
mechanisms for Ca uptake. It is well established that freshwater fish 
take up most of the Ca necessary for growth and Ca homeostasis from the 
water via their gills (Berg, 1970; Mugiya and Ichii, 1981; Flik et al., 
1985; Perry and Wood, 1985). In freshwater fish branchial Ca2+ influx 
occurs against a chemical gradient. For freshwater fish such as tilapia 
2+ 
and eel it has been shown that Ca influx is transcellular (Flik et 
2+ 2 + 
al., 1985a). Ca efflux on the other hand is a passive process, Ca 
moving down a chemical gradient via a paracellular route. The hypo-
2+ 
calcemia observed after Cd exposure indicates a decreased or reversed 
2+ 
net Ca flux, which is defined as the difference between influx and 
efflux of Ca . Therefore, to study the effects of Cd2+ on Ca balance 
2+ in fish, one should consider the effects on both Ca influx and 
2+ 2+ 
efflux. Cd could inhibit transcellular Ca influx at the apical 
membrane, at the basolateral membrane, or both. An effect on baso-
2+ lateral Ca transport could be predicted because it has been shown 
that Cd2+ accumulates in the cells of the gills (Part et al., 1985). An 
2+ 2+ 2+ 
effect of Cd on Ca efflux may be anticipated when Cd would affect 
the junctional complexes between the cells of the epithelium. Gills are 
2+ 
especially appropriate for this study because Cd concentrations at 
the mucosal side can easily be manipulated. 
We have studied the effects of Cd2+ on branchial influx and efflux 
2+ 
of Ca in trout by the use of the perfused head technique (Part and 
Svanberg, 1981; Perry and Wood, 1985). This technique enables the 
10 
іл situ study of gills under defined in vitro conditions. We determined 
the effect of Cd on transepithelial Ca transport in gill prepa­
rations after in vivo exposure of the fish to this heavy metal or 
during acute in vitro exposure to different Cd concentrations. The use 
of the Ca^+-channel blocker lanthanum (La) (Hess and Tsien, 1984) 
allowed us to conclude that Cd exerts an inhibitory action at the 
2+ basolateral membrane rather than by inhibiting apical membrane Ca 
transport. 
MATERIALS AND METHODS 
Fish 
Rainbow trout of both sexes ranging in body weight from 140 to 190 g 
were purchased at a local trout farm. After transfer to the laboratory 
the fish were kept in 1000 1 tanks supplied with running, filtered and 
aerated Nijmegen tap water at 10'C. Fish were fed trout pellets 
(Trouvit), except for a 24 h period prior to experimentation. 
Isolated perfused head preparation 
The perfused isolated head of rainbow trout was prepared according 
to Part and Svanberg (1981). Briefly, IS min after intraperitoneal 
injection of 5000 IU heparin per 100 g fish, the animal was decapitated 
2 cm behind the pectoral fins. The ventral and dorsal aortas were 
cannulated with polyethylene catheters. Perfusion of the gills was 
started by connecting the ventral aortic cannula to a cardiac pump 
(flow: 2.2 ml . min" (100 g fish)"1; 40 beats per minute). During 
perfusion the gills were irrigated by recirculation of approximately 
220 ml of tap-water (pump rate: 1.2 1 . min ). The perfusion medium 
used was filtered (Whatman no.l and subsequently 0.45 цт Millipore) 
Cortland saline (Wolf, 1963) of pH 7.6, to which 40 g . I"1 
polyvinylpyrrolidone (PVP) and 2 g . 1 bovine serum albumin (BSA) 
were added as plasma protein substitutes. During the experiments the 
perfusion medium and the ventilatory water were continuously aerated. 
2+ The ionic Ca concentration of the saline was brought to 1.3 mM, a 
value equivalent to Ca levels found in trout blood; Ca was 
determined with a Radiometer ionic calcium analyzer (ICA). In addition 
the medium contained 5.55 mM glucose as energy source, 10 μΜ adrenaline 
bitartrate to reduce capillary resistance, and 5000 IU 1 heparin to 
prevent initially present blood from clotting. 
The composition of the ventilatory water (Nijmegen tap-water) was 
(in mM): 0.61 Na+, 0.05 K+, 0.38 Mg2*, 0.78 Ca 2 +, 0.66 CI", 0.32 SO42" 
and 3.15 НСОз" (pH 7.6). Both the ventilatory water and the perfusion 
medium were kept at 10°C by a thermostat unit. Dorsal aortic input 
pressure was continuously monitored with a pressure transducer 
connected to a Potentiometrie recorder. On stabilization of the 
pressure to 25-30 mm Hg, the dorsal aortic outflow and anterior venous 
outflow (from the cut end part) were determined gravimetrically. The 
ratio between both flows was around 8:1, and the sum of the dorsal and 
venous outflow equaled ventral aortic inflow. The Na concentration of 
the water was recorded with a Na -selectrode. A constant pressure and a 
decreasing water Na* level, indicating a positive Na + balance of the 
preparation, were taken as criteria for a viable preparation. 
Preparations in which the pressure rose more than 5 mm Hg during the 
experiment were discarded. Net uptake of Na + from the water by the fish 
head shows that virtually no perfusion medium leaked through the gill 
epithelium and that the gills took up Na + from the water, which is 
characteristic of gills of freshwater adapted fish (Part and Svanberg, 
1981). 
The transepithelial potential (ТЕР) of the gills was determined 
using the method of Ferry and Wood (1985) (i.e., the potential 
difference between the external medium and the dorsal aortic outflow 
was measured) to evaluate flux ratios in terms of passive or active 
2+ Ca transport. 
Transepithelial Ca* influx experiments 
45
СаСІ2 (1.55 ± 0.36 MBq.l"1) was added to the ventilatory water (at 
t-0), and the tracer appearance rate in the perfusate collected from 
the dorsal aortic cannula was determined. Perfusate samples (100 μΐ) 
were taken at 1 min intervals for the first 20 min and every 5 min 
thereafter. Every 10 min 1 ml samples of ventilatory water were taken 
12 
to monitor the water specific activity. 
2+ Transepithelial Ca efflux experiments 
Ca efflux was determined on the basis of tracer appearance in the 
ventilatory water (220 ml); in this case approximately 50 ml saline 
containing 46.3 ± 1.6 MBq.l Ca were recirculated. Ventilatory water 
samples (1 ml) were taken at 1 min intervals throughout the experiment. 
These samples were replaced by 1 ml tracer-free water to guarantee a 
constant volume of the external medium. The radioactivity of the 
perfusion medium was checked on 50 μΐ samples taken every 5 min. 
2+ 2+ 
Effects of Cd on transepithelial Ca influx and efflux 
2+ 2 + The effects of Cd on Ca transport were determined both on 
2+ branchial Ca influx and efflux. In one series of experiments trout 
gills were exposed during perfusion to Cd (1 μΜ and 10 μΜ) in the 
ventilatory water ("in vitro exposure"). In another series of 
experiments rainbow trout were preexposed to Cd (0.01 μΜ, Ο.ΙμΜ, 1 μΜ, 
and 10 μΜ) for 16 h, prior to perfusion ("in vivo exposure"); in the 
2+ latter experiments no additional Cd was present in the ventilatory 
water. Water Cd concentrations refer to dissolved cadmium as determined 
by atomic absorption spectrophotometry. 
3+ 2+ 
Effects of La on transepithelial Ca influx 
3+ 2+ The effect of La on Ca influx was studied by addition of ЬаСІз 
(1 μΜ) to the ventilatory water when the Ca appearance rate had 
become constant (after 20 min). The perfusion was continued until Ca 
influx had established a new steady state. In these studies we used 
CO3 -free, artificial tap-water to prevent precipitation of La ; the 
composition of this water was (in mM): 3.Θ NaCl, 0.06 KCl, 0.2 MgSO^, 
and 0.8 СаСІ2, pH 7.6. 
2* 2+ 
Ca and Cd accumulation in branchial epithelium 
Accumulation of * 5Ca 2 + or 1 1 5 m C d 2 + in gill epithelium was determined 
after a 45 min exposure to either tracer in the ventilatory water: the 
left and right first two gill arches were removed, rinsed for 30 s in 
tracer free water and blotted on wet filter paper. The epithelium was 
13 
scraped off, weighed, and digested in AOX H2O2 overnight at 50*C. After 
addition of 900 μΐ distilled water to 100 μΐ of tissue digest, the 
^^Ca or l" mCd content was determined. Values were expressed in 
Bq.g wet weight of gill epithelium. The effects of La on Ca or 
Cd accumulation in the gills were studied by the addition of 1 μΜ 
La at zero time of tracer exposure. On completion of the tracer 
exposure, tissue tracer content was determined as described above. 
,2+ 
Calculations 
Influx. The calculation of Ca''T influx (Fin(Ca)) was based on the 
ratio of tracer content of the perfusate (q'p) and the specific 
activity of the water at time t (SA
w
(t)). Figure 1 shows tracer 
45 
appearance in the perfusate of perfused trout gills on addition of Ca 
to the ventilatory water. Tracer appearance rates stabilized 12 to 15 
min after addition of tracer to the ventilatory water. At steady state, 
q'p-values were used to calculate Г^
п
(Са) according to: 
F l n(Ca) 
q'p.fj.óO.lOO.W' 
SAw(t) 
-1 
Fjn(Ca) is expressed in nmol.h" .(100 g fish) , where q'p is perfusate 
tracer content (dpm.ml ), SAw(t) is specific activity of water 
(dpm.nmol ) at time t, fj is individual perfusion flow (ml.min" ), and 
W is fish weight (g). 
10 
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20 
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FIG. 1. Appearance 
rate of Ca in 
perfusion medium from 
perfused trout gills. 
Ca was added to the 
ventilatory water at 
zero time. 4'p> 
perfusate tracer 
content (dpm.ml~ ) ; 
q'-ff, ventilatory 
water tracer content 
(dpm.ml'). Values 
are means ± SD for 12 
experiments. 
14 
2+ Efflux. The efflux of Ca (Fout(Ca)) were calculated on the basis 
of the time curves of the cumulative tracer appearance in the water 
after addition of Ca to the perfusate. Figure 2 shows tracer 
appearance in the water upon perfusion of trout gills with Ca 
containing saline. After 15 to 20 min an apparent linear tracer 
appearance rate in the water was observed. The slope of the line 
(dq'w/dt) fitted by linear regression through these points was used to 
calculate Fout(Ca) according to: 
cout (Ca) 
dqVdt.ôO.lOO.W" 
SAp(t) 
Fout(Ca) is expressed in nmol.h-1.(100 g fish)"1 where SAp(t) is 
specific activity of perfusate (dpm.nmol ) at time t, dqw/dt is slope 
of linear part of *5Ca2+ efflux curve. 
Eq'w . 10" 
16 
12 
0 !> · · · •*=£ Л έϋϋ 
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tlminl 
FIG. 
te, 
Cumulative 
appearance of Ca (Σ q '
w
) 
in ventilatory water on 
perfusion of trout gills. 
Ca was added to per­
fusion fluid at zero time. 
Values are means ± SD for 
8 experiments. See text 
for further definition. 
Statistics 
Results are presented as means ± S.E.. The Wilcoxon rank sum test 
and Student's t-test were used for statistical analysis where 
appropriate; 5% was taken as the fiducial limit of significance. 
15 
Materials 
Materials and suppliers are as follows: Сгі(МОз)2 (RCB Bruxelles); 
ЬаСІз, (BDH Chemicals, UK); Na2-heparin (Organon, The Netherlands); 
Ca and 1 1 5 mCd (Amersham International, UK); polyethylene catheters 
(Intramedic PE90 and PE190). 
RESULTS 
The branchial transepithelial potential (ТЕР) determined in isolated 
5 + head preparations was - 0.5 ± 1.9 mV (n=20). Addition of Cd to the 
ventilatory water had no influence on this value. 
2+ Figure 3 shows the effects of in vivo and in vitro Cd exposure of 
2+ 2+ 
trout gills on Ca influx, efflux and net flux. In vitro Cd exposure 
2+ 2+ 
(Cd added during gill perfusion) did not influence Ca influx. In 
2+ 
vivo exposure (fish preexposed to Cd for 16 h prior to gill 2+ perfusion) to Cd concentrations >0.01 μΜ inhibited Ca influx 
2+ 
significantly. Ca efflux, too, was only affected after in vivo 
2+ 
exposure. The Ca efflux had increased significantly after in vivo 
exposure to 1 μΜ Cd but remained at control levels after preexposure to 
lower Cd concentrations. Preparations made after in vivo exposure up to 
1 μΜ Cd met our criteria for viability. Only after in vivo exposure to 
Cd concen-trations of 10 μΜ or more did the isolated head preparations 
show Na loss and an unstable perfusion pressure. Data on this group 
were, therefore, not included. 
The effect of La 3 + on Ca 2 + influx is shown in figure 4. La 3 + 
2+ inhibited the Ca influx instantaneously (inset figure 4). This 
inhibitory effect proved dose dependent. From a log dose-response 
curve, 4.6 χ 10"β M La 3 + was found to give 50% inhibition of Ca 2 + 
influx. 
Table 1 shows the effects of La and Cd on tissue accumulation of 
Cd or Ca, after a 45 min period of exposure to the respective 
tracer. No effect of Cd (1-10 μΜ) was found on the Ca content of the 
tissue after 45 min, whereas La (1 μΜ) almost completely blocked the 
tracer accumulation in the tissue (95X decrease). Also, La decreased 
115m
cd a c c u m u i a t i o n i n t h e g í í i epithelium by 76Z. 
16 
Fc,/n^not·h-,.(1009tlJІι|-^ 
500 -
Fm 
100 
Fout 
-100 
! 
I 
m** 
% 
001 01 l/uMCd2« 
в! 
й! 
1 AiMCil' 
FIG. 
Cd2* 
Effect of 3. 
on 
and efflux 
exposed to 
vitro 
the ventilatory water 
from the beginning of 
the perfusion) or in 
vivo (16 h prior to 
Ca2* influx 
Fish were 
Cd2+ in 
(Cd2* added to 
perfusion) 
dissolved 
determined 
absorption 
photometry 
are means 
5-8 experiments 
condition. 
Water 
Cd was 
by atomic 
spectro-
Values 
± SD for 
per 
in vivo 
exposure 
in vitro 
exposure 
response 
La -inhibition 
.2+ 
FIG. 4. Log dose-
curve for 
of 
Ca¿  influx. A 50% 2+ decrease in Ca 
influx was calculated 
to occur at 4.6xl0~ 
M La. The inset shows 
the effect of La3*, 
added 
latory 
"cJ* 
to the venti-
water, on 
influx. The 
log dose-response 
curve was compiled 
from fluxes deter-
mined at steady state 
conditions. Values 
are means ± SD for 3 
experiments per La 
concentrât ion. 
17 
TABLE 1. Effect of addition of 1 μΜ LaClj or 1 μΜ CdCl2 to the 
ventilatory water on the accumulation of Ca or 5 mCd in trout gill i
tissue. 
External medium 4 5 C a 2 + 1 1 5 C d 2 + 
No addition 100 ± 29.6 (12) 100 ± 17.6 (7) 
ЬаСІз (10"6M) 5.3 ± 1.4 (5) 23.8 ± 8.9 (5) 
Cd(N03)2 (10"6M) 99.8 ± 31.4 (5) 
Values are means ± SD during a 45 min exposure and are given as 
percentages; n, no. of observations. Control values (5.76 and 
15.07 (Bq/g wet weight).(Bq/ml H2O χ 10" 3)" 1 for *5Ca and l l 5 mCd 
respectively) are designated 1002. * Ρ < 0.001. 
DISCUSSION 
Five major conclusions can be drawn from the data presented in this 
study. 
1. Cd 2 + (0.01<Cd2+<1.0 μΜ) is able to disturb Ca2+-fluxes in the gills 
of trout without affecting Na balance in these fish. 
2. Cd 2 + (0.01<Cd2+<0.1 μΜ) inhibits Ca2* influx via the gills at 
concentrations close to those occurring in polluted fresh waters (as 
reported by e.g. McFarlane and Franzin, 1978). 
3. Cd does not interfere with the entrance of Ca across the apical 
membranes into the cell, but rather inhibits Ca 2 + extrusion via the 
2+ basolateral membrane because the tissue Ca content is not reduced on 
Cd exposure via the water. 
2+ 2+ 
4. Ca and Cd seem to enter the epithelium via the same mucosal 
La3+-sensitive Ca2+-channels. 
5. In gills Ca 2 + influx is more sensitive to Cd 2 + than Ca 2 + efflux. 
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Ca'* influx 
2 + Integumental Ca -exchange involves transcellular and paracellular 
2+ 
routes (Flik et al., 1985). For transcellular Ca uptake in fish 
gills, Flik et al. (1985a) recently proposed a model on the basis of 
studies on Ca transporting adenosine triphosphatase (ATPase) activity 
in plasma membranes of branchial epithelium. According to this model, 
2 + Ca to be transported from the water to the blood enters the cell 
passively down an electrochemical gradient, is buffered in the cytosol 
by Ca-binding proteins, and subsequently pumped to the blood by an 
2+ 2+ 
active Ca transport mechanism. We now suggest that Cd exerts its 
2+ inhibitory action on Ca uptake by an inhibition of the basolateral 
2+ 
active Ca extrusion mechanism (cell-to-blood step). Several 
observations substantiate this conclusion and we will discuss them on 
the basis of the aforementioned model. In the model of Flik et al. 
2+ (1985a) branchial Ca uptake depends on an active process. Under our 
2+ 
experimental conditions the calculated Ca equilibrium potential 
(Enernst ~ "5.9 mV) and measured ТЕР (-0.5 mV) show that the driving 
У· 
2+ 
2+ force for passive diffusion of Ca is directed outwardly 
Nevertheless, we demonstrated an inwardly directed net flux of Ca 
2+ 
under control conditions. This finding is indicative for an active Ca 
uptake in line with the model of Flik et al. Further evidence that this 
model applies to trout was recently obtained in our laboratory by the 
2+ demonstration of high-affinity Ca -ATPase activity in trout gills, 
with characteristics similar to that of tilapia and eel gills (Perry 
and Flik, 1986). 
2 + Two findings substantiate our conclusion that Cd inhibition of 
2+ 2+ 
Ca influx occurs via inhibition of the branchial Ca pump. First, 
Ca accumulation in the gill tissue and therefore entrance of Ca 
2+ from the water into the cells is not affected by Cd exposure. 
2+ Moreover, the fact that significant Cd accumulation occurs in a 45-
2+ 
min period, and that over the same time period Ca accumulation in the 
2+ presence of Cd in the tissue is not affected, seems to exclude an 
2+ 2+ 
inhibitory action of Cd on the Ca -channel at the internal face of 
the apical cell membrane. La addition to the water, on the other 
2+ hand, decreased Ca accumulation significantly. Second, inhibition of 
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Ca influx is observed only after in vivo exposure for sufficiently 
long periods. After a 16 h preexposure period to Cd concentrations 
2+ 
>0.01 μΜ, Ca influx was significantly inhibited. In another 
experiment it was observed that a minimum period of 12 to 16 h exposure 
to Cd is required to induce hypocalcemia in freshwater tilapia 
(unpublished results). La , on the other hand, inhibited trans-
epithelial Ca influx instantaneously, and under our experimental 
conditions the 50Z inhibitory concentration (IC5Q) was calculated to be 
4.6 χ 10 M ЬаСІз· La is known to block the Ca -channels (Hess and 
Tsien, 1984), and electron microscope studies of fish gills exposed to 
La showed that La does not enter the epithelial cells (Perry and 
Flik, 1988). This excludes, in our experimental set up, an inhibition 
by La^+ of the basolateral Ca2+-ATPase. 
2+ 2 + 
Because Cd apparently does not influence Ca entrance via the 
apical membrane, it probably interferes with the basolateral-active 
2+ 2+ 
Ca extrusion mechanism. In our Cd accumulation studies it was shown 
2+ that Cd enters the epithelial cell. The delay in producing an 
2+ inhibitory effect could be due to Cd buffering by cytosolic proteins 
such as metallothionein, glutathione, calmodulin (sulfhydryl- and 
2+ 
carboxylate-rich proteins that bind Cd tightly; Webb, 1979a; Kosower 
and Kosower, 1978; Flik et al., 1987). This Cd 2 + buffering could 
2+ 2 + 
prevent inhibition of the Ca transport ATPase by sequestering Cd to 
2+ 
no-effect levels during early exposure. Ca transport in gill plasma 
2+ 
membrane vesicles proved extremely sensitive to Cd (Chapter 4). We 
2+ 
suggest that once the Cd concentration surpasses saturation levels of 
2 + the cytosolic buffers it will inhibit the basolateral Ca pump and 
2+ thus the transepithelial Ca transport. 
From the fact that La 3 + inhibits accumulation of Ca 2 + and Cd 2 + 
2+ tracers in the tissue to a similar extent, we conclude that Ca and 
Cd enter the epithelial cell via the same La -sensitive 
2+ 2+ 
Ca' -channels. The similarity in ion radius (99 and 97 pm for Ca and 
2+ Cd , respectively) may underlie this behavior. The smaller percentage 
of inhibition by La of Cd accumulation compared with Ca 
accumulation may be explained by the fact that substantial binding of 
Cd 2 + occurs to mucoproteins (Part and Lock, 1983). Cd will not be 
2+ 
washed off from the gills as easily as Ca during the rinsing step 
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prior to the determination of the tracer content. One could argue that, 
9+ 2+ 
if Ca and Cd enter the cell via the same channels, competition 
2+ between both ions occurs and that, therefore, external Cd should 
inhibit Ca influx. However, this competition would appear 
45 insignificant at the Cd concentrations used: the Ca content was not 
significantly influenced by Cd (1 to 10 μΜ), not even after 16-h 
2+ 
exposure to Cd (results not shown). Apparently the difference in 
concentrations of Cd (1 μΜ) and of Ca (800 μΜ) explains the lack of 
substantial competition. 
An interesting question is whether the gill epithelium 
2+ 2+ 
differentiates between the essential Ca ion and the toxic Cd ion. 
2+ Both ions seem to enter the epithelium via the same Ca -channels. Next 
both ions are supposed to bind to cytosolic proteins (Ingersoll and 
Wasserman, 1971) that are rich in sulfhydryl groups (metallothioneins) 
and carboxyl groups (calcium binding proteins). Ingersoll and Wasserman 
(1971) reported that cytosolic fractions of rat enterocytes show 
comparable affinity for Cd 2 + and Ca 2 +. If both Ca 2 + and Cd 2 + pass the 
apical membrane easily and if these ions are similarly buffered in the 
cytosol, discrimination between the two ions seems to occur at the 
2+ basolateral membrane of the cell, where the Ca pump appears to become 
inhibited by Cd 2 +. 
Ca2* efflux 
Two conclusions are drawn from the efflux studies. First, the 
2+ 2+ 
transepithelial Ca efflux appears less sensitive to Cd than the 
2+ 2+ 
Ca influx. Significant stimulation of Ca efflux was found only at 
the highest Cd concentration tested (1 μΜ), whereas Ca influx is 
abolished almost completely at a tenfold lower Cd concentration. 
Second, these findings demonstrate that it is essential to study both 
influx and efflux of Ca for evaluation of Cd 2 + inhibition of Ca 2 + 
uptake via fish gills. 
The question arises as to which mechanism underlies this increased 
2+ 2+ 2+ 
Ca efflux upon Cd exposure. As stated above, Ca efflux is 
2 + probably a paracellular event, and we assume that Cd interacts with 21 
2+ the junctional complex proteins in a way that causes a Ca leak. 
In one series of experiments we tested the effects of in vivo 
2+ 2+ 
exposure to 10 μΜ Cd on the Ca fluxes. Ca influx was strongly 
2+ inhibited, and the preparations showed an extremely high Ca efflux 
and a net sodium loss. This indicates that the structural integrity of 
the branchial epithelium is lost when fish are exposed to 10 μΜ Cd 
(which was confirmed by histological observations; results not shown). 
In an estuarine teleost exposed to similar Cd concentrations structural 
damage and hyperplasia of the gills have been reported (Gardner and 
Yevich, 1970). 
In conclusion it seems that levels of 0.1 μΜ Cd (equal to 11 parts 
per billion), which are close to those found in Cd-polluted fresh 
waters (McFarlane and Franzin, 1976), disturb the fish's Ca balance by 
2+ 
a specific effect on the branchial Ca uptake mechanism. Insight in 
the development of hypocalcemia that seems inherent to the toxic 
2+ 
effects of sublethal amounts of Cd may be of primary importance for 
2+ the understanding of Cd toxicity in fish. As has been stated before 
the branchial epithelium comprises the same mechanisms for cellular 
2+ 2+ 
Ca transport (i.e. apical membrane Ca -channels and basolateral 
2+ 
membrane Ca transport ATPase; Flik et al., 1985a) as those found in 
e.g. mammalian intestine (Van Os and Ghijsen, 1983) and kidney tubules 
(Van Heeswijk et al., 1984). Clearly, the gill model, in which mucosal 
and serosal media may be easily controlled, provides a powerful tool in 
2+ 2+ 
the study of Cd' toxicity towards the transepithelial Ca transport 
process. 
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Chapter 3 
THE MOVEMENT OF CADMIUM THROUGH TROUT BRANCHIAL EPITHELIUM 
AND THE INTERFERENCE WITH CALCIUM TRANSPORT 
ABSTRACT 
2+ Exposure of trout to waterborne Cd results in accumulation of the 
metal in the branchial epithelial cells and its appearance in the 
2+ 2+ 
blood. Cd apparently enters the cells via Ca -channels in the apical 
2+ 
membrane. Transfer of Cd through the basolateral membrane is probably 
2+ 2+ 
by diffusion. Inhibition by Cd of transepithelial Ca influx is 
2+ time- and Cd concentration-dependent. The inhibition of 
2+ 2+ 
transepithelial Ca influx is accompanied by blockage of apical Ca -
2+ 2+ 
channels. In line with the assumption that cytosolic Cd inhibits Ca 
2+ 
uptake by inhibiting the basolateral Ca pump (chapter 4) we 2+ hypothesize that the blockage of Ca -channels is an indirect effect of 
2+ 2+ 
Cd and results from a rise in cytosolic Ca caused by inhibition of 
2+ the basolateral membrane Ca pump. 
P.M. Verbosi, J. van Rooij, G. Flik, R.A.C. Lock, and S.E. Wendelaar 
Bonga. Submitted for publication 
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INTRODUCTION 
Ca uptake in freshwater fish mainly occurs via the gills (Flik et 
al., 1985a). Ca transport across the gills, which comprise a tight 
ion-transporting epithelium, follows a transcellular route (Perry and 
Flik, 1988). Micromolar concentrations cadmium (Cd) in the water 
inhibit branchial Ca 2 + uptake (chapter 2; Reid and McDonald, 1988) and 
induce hypocalcemia (Giles, 1984; Pratap et al., 1989). We have 
2+ 
advanced circumstantial evidence that the inhibition of Ca uptake by 
waterborne Cd may result from a competitive inhibition by cytosolic 
9+ 9+ 2+ 
Cd of the Ca pump in the basolateral membrane of the Ca 
transporting cells in the gills (chapter 4). 
2+ Cd uptake from the water in freshwater fish mainly occurs via the 
gills (Williams and Giesy, 1978). Similarly as Ca 2 +, Cd 2 + enters the 
fish predominantly via a transcellular route because of the tight 
character of the branchial epithelium (Part, 1983). Interference of 
2+ 2+ 
Cd with the Ca influx route may occur at at least three sites, viz. 
2+ 2+ 
the apical membrane (where Ca enters the cell via Ca -channels; 
2+ Perry and Flik, 1988), the intracellular Ca buffering systems (Flik 2 + 
et al., 1985a) and the basolateral membrane, where Ca is translocated 
to the blood by a high affinity Ca 2 + pump (Flik et al., 1985a). Levels 
of Cd in freshwater that cause hypocalcemia (0.1 μΜ Cd in water 
2+ 
containing 0.7 mM Ca) do not instantly inhibit Ca influx (chapter 2), 
2+ indicating that no significant competition between waterborne Cd and 
2+ Ca occurs for the cell entrance step (the concentration ratio Cd/Ca 
being 1.4x 10" under these conditions). The same conclusion has been 
2+ 
reached by Part et al. (1985) who showed that changes in water Ca 
concentration (0-10 mM) had no effect on the 1 0 9Cd accumulation in 
the gills (the concentration ratio Cd/Ca ranged from 0.7 to 7.0x10" ). 
2+ 2+ 
Intracellular Ca interacts with a series of more or less Ca -
2 + 
specific ligands, such as calmodulin, Ca binding proteins (CaBP's) 
2+ 2+ 
and Ca -ATPase. Calmodulin is a Ca -dependent regulator protein with 
2+ 
a high Ca affinity and is present in all eukaryotic cells. The 
2+ 2+ 
affinity of calmodulin for Cd is comparable to that for Ca (Chao et 
al., 1984; Flik et al., 1987). The affinity of the CaBP's in fish gills 
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2+ 2+ 
for Cd and Ca have not been determined so far, but the vitamin D-
dependent CaBP's from rat kidney and pig duodenal mucosa share the 
4 2 + property of calmodulin in having the same and high affinity for Cd 
It 
,2+ 
and Ca 2 + (Richardt et al., 1986). To affect the Ca 2 + buffering capaci y 
of these proteins in the cell, the intracellular concentration of Cd 
2+ 
must reach those of the cytosolic Ca concentration. In comparison 
2+ 
with calmodulin or CaBP's, the affinity of Ca site of the plasma 
2+ 
membrane Ca -ATPase in fish gills has an at least hundred times higher 
affinity for Cd 2 + than for Ca 2 + (chapter 4). It follows that the Ca 2 + 
2+ 
extrusion pump is a very sensitive target of Cd in fish gills. 
2+ 2+ 
Although an inhibition of the basolateral Ca pumps by Cd could 
2+ 
explain the diminished branchial Ca uptake following Cd exposure, the 
2+ 2+ 
possibility that cytosolic Cd impedes the movement of Ca through 
2+ 
apical membrane Ca -channels as well cannot be excluded. 
The experiments described here were designed to test the hypothesis 
that Cd enters the Ca transporting cell via Ca -channels and that 
2+ 2+ 
cytosolic Cd may affect apical Ca -channels. Two types of 
experiments were performed, i) Short term accumulation of Ca and 
109 2+ 
Cd from the water in branchial epithelium was determined to 
2+ 2+ 
evaluate the movement of Ca and Cd over the apical membranes into 
2+ 2+ the epithelium. 11) Branchial influx of Ca and Cd was measured to 
evaluate the movement of these ions over both apical and basolateral 
plasma membranes. In these two types of experiments, apical membrane 
2+ λ + 
permeability for Ca was manipulated by exogenous La and by 
injections of the hormone hypocalcin. Recently, it was concluded that 
this hormone, produced in the Stannius corpuscles of fish (Wendelaar 
Bonga and Pang, 19Θ6) controls apical membrane permeability to Ca 
(Lafeber, 1988). 
MATERIALS AND METHODS 
Fish 
Freshwater rainbow trout (Salmo gairdneri) ranging in weight from 20 
to 40 g were kept indoors and acclimated to city of Nijmegen tap-water 
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([Ca]-0.70 ± 0.02 mM, n-20) under conditions as described in chapter 2. 
In experiments with La , carbonate-free artificial tap-water was used 
to prevent precipitation of 1.32(003)3. The composition of the 
artificial tap-water was (in mM): 0.7 СаСІ2, 0.2 MgCl2, 3.8 NaCl and 
2+ 0.06 KCl in demineralized water (pH 7.6). In experiments with Co , 
C0CI2 was added to regular tap-water. 
Analytical methods 
Water total calcium content was determined with a calcium kit (Sigma 
Chemical). Water total cadmium content was determined by atomic 
absorption spectrophotometry. Protein was measured with a reagent kit 
(BioRad) using bovine serum albumin as reference. Tracer content of 
water samples and tissue digests was determined by liquid scintillation 
analysis. Aqueous samples (0.5 ml) were mixed with 4.5 ml Aqualuma 
scintillation fluid. 
Treatments: 
Cadmium exposure. Fish were preexposed to Cd (1.0 or 0.1 μΜ) up to 
16 h before experimentation. Water Cd (added as Са(ИОз)2) 
concentrations were carefully monitored and a maximum 10% deviation 
from the calculated concentrations was accepted. Preexposure was 
2+ followed by a 1 h flux period in which the Cd concentration in the 
water was kept constant (see radiotracer techniques). 
Hypocalcin injections. Purified hypocalcin and crude extract of 
Stannius corpuscles were prepared as described by Lafeber et al. 
(1988a). The hypocalcin content of Stannius corpuscles extract as 
determined by ELISA (Kaneko et al., 1988) was 120-150 pg.mg"1 protein. 
The dose injected (intraperitoneally) was 2.2-3.0 mnol hypocalcin per 
100 g fish. Hormone or extract was injected 1 h before tracer exposure. 
Injection of saline, used as vehicle, served as control. 
Radiotracer techniques 
Gill tracer accumulation. Fish were transferred to 3.0 1 of aerated 
recirculating water containing 1.0 MBq.l-1 СаСІ2, 0.9 MBq.l-1 
1 0 9CdCl2 or 0.2 MBq.l"1 22NaCl in tap-water. After 30 min (22Na) or 1 h 
( Ca , Cd ) of tracer exposure the fish were quickly (2 min) 
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anesthetized in bicarbonate buffered methane sulphonate salt (MS222· 
0.5 g.l"1, pH 7.4) and injected intraperitoneally with 5000 IU Na-
heparin per 100 g fish. The gills were rapidly cleared from blood by 
perfusion with saline (10 ml 0.9 Ζ NaCl) via the ventral aorta. The 
perfusate was collected to determine its tracer content. Next the gill 
arches were excised, rinsed for 5 sec in demineralized water and 
blotted on wet tissue paper. Gill epithelium was carefully scraped off 
onto a glass plate with a microscope slide (-0.4 g wet weight, weighed 
to the nearest 3 decimals) and dissolved overnight at 60oC in tissue 
dissolver (NCS, Amersham). The digested tissue was neutralized with 
glacial acetic acid, scintillation fluid (9 volumes) was added, and the 
radioactivity determined. The remainder of the fish was processed for 
the determination of total body radioactivity (see below). 
Flux determinations. Influx was determined on the basis of total 
body radioactivity. Fish bodies and scraped gill arches were microwave-
cooked (2 min) and homogenized in a blender with distilled water 
(volume: 65X of body weight). Triplicate samples of the homogenate 
(—0.4 g weighed to the nearest 3 decimals) were processed for 
determination of radioactivity as described above for the gill 
scrapings. Total body tracer content included the combined activities 
of homogenate, gill scrapings and perfusate. 
To check whether the tracer associated with the gill scrapings 
reflected accumulation into the epithelium, and not adsorption to the 
external side of the epithelium, six trout were exposed to •'"'Cd and 
45 2+ 
six to Ca for 1 h and the gills perfused and excised as described 
above. Then, the left gill arches were rinsed in 1 mM EDTA and those 
from the right side in demineralized water (control). No difference in 
radioactivity was found between samples from either side for either 
isotope, indicating that the tracers were associated with the internal 
face of the epithelial cells. 
Calculations 
2+ 2+ Influx of Cd or Ca was calculated from the total body 
radioactivity after 1 h of exposure to Cd or Ca , respectively, 
and the respective mean tracer specific activities of the water. Fluxes 
were normalized to fish weight by linear extrapolation and expressed in 
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nanomoles (Cd ) or micromoles (Ca ) per hour per hundred gram fish 
(Lafeber et al., 1988b). 
. 22 
Na influx was calculated from the plasma Na activity, the 
apparent radiospace at 30 min for Na + (-125 ml.kg" ) and the specific 
activity of the water (Payan and Maetz, 1973; Bath and Eddy, 1979). 
The amount of Cd accumulated in gill soft tissue was calculated from 
the tissue tracer content (activity per g wet weight, q»') and the mean 
1 0 9Cd specific activity of the water (SA^ according to: Cd 2 + 
2+ 
accumulated in 1 hour - q-'/SAy (in nanomol Cd per g wet weight). For 
this calculation we have assumed that during the experiment no 
significant transflux or backflux from blood to the cells or from cells 
to the water occurred. 
To compare the accumulation of 1 0 9Cd and Ca in gill tissue, 
the relative radioactivity (qg'/qw'; where q,,' is the water activity 
per ml) was calculated. Values found for control fish were designated 
100X. 
Statistics 
Results are presented as means ± SE. For statistical evaluation the 
Mann-Whitney U-test was used; significance was accepted for Ρ £ 0.05. 
RESULTS 
Manipulation of apical membrane 
Figure la summarizes the effects of several treatments that affect 
apical Ca 2 + permeability on 5Ca 2 + and ^"cd 2* accumulation in the 
gills. La 3 + (1 μΜ) and Co 2 + (100 μΜ) in the water reduced the Ca 2 + 
accumulation in gill soft tissue by 71 and 33%, respectively, as 
compared to controls. Because of the limited availability of purified 
hypocalcln we used both Stannius corpuscle extract and purified 
hypocalcln. Injection of Stannius extract or hypocalcin reduced Ca 
accumulation in gills by 631 and 37Ϊ, respectively. 
To evaluate the effects of the aforementioned treatments on Cd 
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accumulation in the gills, a water Cd concentration had to be 
established that did not influence the apical permeability to Cd 
109 2+ during the one hour Cd accumulation measurement. Since a 4 hour 
exposure to 0.1 μΜ Cd had no effect on the Cd 2 + (or Ca ) accumulation 
(see figures 2 and 3) this concentration was used. Treatments that 
45 2+ decrease Ca accumulation had a similar and proportional effect on 
l u
*Cd' accumulation in the gills (figure la). 
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Figure lb summarizes the effects of the aforementioned treatments on 
2+ 2+ 2+ 
Ca and Cd influx. Ca' influx decreased by 77X when ЬаСІз was added 
to the water. Injections with Stannius extracts or with hypocalcin 
2+ 
reduced Ca influx by 55Z and 431, respectively. As shown in the same 
figure proportionally comparable effects were found on the Cd^+ influx. 
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2+ Effects of Cd exposure on Ca influx 
Figure 2a shows the effects of time of exposure to ambient Cd on the 
Ca accumulation rate in gill epithelium. A time-related inhibition 
of Ca accumulation was found with 25Z, 60Ï, and 70Ï inhibition 
after 6, 9 and 17 h of exposure to 0.1 μΜ Cd, respectively (exposure 
time to Cd included preexposure and the 1 h flux period). When fish 
were exposed to 1.0 μΜ Cd, however, Ca accumulation was inhibited 
by 25Ϊ within 1 h (without preexposure) while a maximum inhibition of 
60% was observed after 3 to 4 h of exposure. The same maximum 
inhibition of Ca accumulation was reached for 0.1 and 1.0 μΜ Cd. 
Exposure of trout for 16.5 h to 1.0 μΜ Cd did not affect 2 2Na 
accumulation in branchial tissue. 
In figure 2b the effects of ambient Cd on Ca and Na influx are 
shown. Exposure to 0.1 μΜ Cd for up to 6 h had no significant effect on 
Ca 2 + influx, but after 9 and 17 h Ca 2 + influx was inhibited by 671 and 
2+ 
Θ7Ζ, respectively. With 1 μΜ ambient Cd, Ca influx was significantly 
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(49%) inhibited within 1 h of exposure and after 3 to 4 h of exposure a 
maximum 80% inhibit ion was observed. Exposure of f i sh to 1 μΜ Cd for 
16.5 h had no e f fect on Na+ influx. 
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FIG. 2a. Effects of 
Cd exposure on Ca 
CO, ·; and 22Na* (A) 
accumulation In gill 
soft tissue. Points 
represent means ± SE 
from 6 determina­
tions. Points marked 
with an asterisk are 
significantly diffe­
rent from their 
respective controls 
at zero time. 
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FIG. 2b. Effects of Cd exposure on whole body Ca2* (θ,·) and Na* 
(A) influx. Representation as under a. 
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2+ 
Effects of Cd exposure on Cd influx 
l Qö 2+ 
Figure 3a shows the effects of ambient Cd on the Cd 
accumulation in gill epithelium. Exposure to 0.1 μΜ Cd for up to 4 h 
ino 2+ had no significant effect, but Cd accumulation had decreased by 
64% after 6 h and by 75% after 17 h exposure to Cd. With 1.0 μΜ Cd in 
2+ the water, six times more Cd accumulated in gill soft tissue compared 
2+ to 0.1 μΜ Cd in the water. If we designate Cd accumulation after 1 h 
100%, an 80% inhibition occurred during the second hour of incubation, 
which is practically the maximum inhibition observed after longer 
exposure (up to 17 h). 
2+ In figure 3b the effects of ambient Cd on whole-body Cd influx are 
2+ -1 
shown. The Cd influx at 0.1 μΜ external Cd was around 3.4 nmol.h . 
(100 g fish) - 1. Exposure to 0.1 μΜ Cd up till 4 h did not affect the 
2+ 2+ 
Cd influx. However, after 6 h or more Cd influx had decreased by 
55%. In fish exposed to 1.0 μΜ Cd for 1 h Cd 2 + influx was around 60 
nmol.h" .(100 g fish) , 18 times higher than in those exposed to 0.1 
2+ μΜ Cd. Cd influx during the second hour of exposure to 1 μΜ Cd and 
thereafter had decreased by 80%. 
0.20Ί 
0.05 
0.10 
0.05 
Cd-exposure time ( h ) 
FIG. За. Effects of Cd exposure on the '•09Cd2+ accumulation in 
gill soft tissue. Points represent means ± SE from 6 determi­
nations. Points marked with an asterisk are significantly 
different from their respective values at 1 h exposure. 
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Table 1. Effect of LaCl3 on the distribution of 109Cd2+ and *5Ca2* over 
the gills and the body. 
q B/ q f (
1 0 9Cd 2 +) 
В 
qg/qf (í5c.2+) 
xlO"z 
A/B 
Control 
La (1 μΜ) 
0 . 5 4 ± 0 .08 
0.21 ± 0 . 0 3 * 
2.12 ± 0 . 2 0 
1.94 ± 0 .30 
2 5 . 5 
10.8 
5_ total activity in gill soft tissue (cpm) 
qf total activity in fish (cpm) 
Mean values ± SE are given for 6 experiments. 
* Ρ < 0.01 
Table 1 presents the effects of La 3 + on the ratios of the tracer 
activities in soft gill tissue (qg) and in the whole fish (q^) for 
45 2+ 109 2+ 
Ca and Cd accumulation studies. It shows that relatively more 
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Ca than Cd was extruded from the epithelium into the body, once the 
rom 
-3 + 
ι ПО 2+ ions had entered the cytosol. The fraction of Cd translocated f
the gills to the blood side of the epithelium increased after La 
2+ 
exposure, indicating that there is a rate determining step for Cd 
2+ transport beyond the apical membrane, which does not exist for Ca 
DISCUSSION 
Two major conclusions are drawn from this study: 
-Cd in the water at a concentration that provokes a specific 
hypocalcemia inhibits C a 2 + and C d 2 + influx but not N a + influx. The 
2+ inhibitory effect of Cd is concentration- and time-dependent; 
2+ 
-treatments that inhibit branchial Ca influx, viz. exposure to 
3+ 2+ 
La in the water or hypocalcln injections, inhibit branchial Cd 
influx from the water. 
2+ 
Transepithelial Cd influí 
2+ The main question in our study was how Cd passes the branchial 
2+ 
epithelium. Therefore, we tested the hypothesis that Cd follows the 
2+ Ca route through the epithelium. This idea was prompted by the 
2+ 2+ 
similarity in charge and ionic radius of Ca and Cd . 
Whole-body Cd 2 + influx amounted to 3.4 nmol.h - 1.(100 g fish)" 1 at 
0.1 μΜ external Cd and 61.9 nmol.h - 1.(100 g f i s h ) - 1 at 1.0 μΜ Cd. These 
2+ 
values for whole-body Cd influxes are of the same order as the values 
found by Pflrt and Svanberg (1981) for C d 2 + influx in trout isolated 
head preparations. These results further extend observations by 
Williams and Giesy (1978) that the gills are the predominant site of 
2+ 2+ 
Cd influx. Our finding that inhibition of Cd influx is accompanied 
2+ by a decrease in Cd accumulation in gill soft tissue establishes that 
2+ Cd influx is transcellular. 
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Οχ 
Cd accumulation in branchial epithelium 
Our experiments with the perfused isolated head technique already 
2+ indicated that Cd may be transferred across the apical membrane via 
Ì+ 2+ 
La -inhibitable Ca -channels (chapter 2). The present results on 
intact trout confirm and extend this contention: both La - and 
2+ 2+ 
hypocalcin-treatment decrease Ca as well as Cd accumulation in the 
gills. These observations indicate an effect of hypocalcin on apical 
1. 
2+ 
2 + 
membrane Ca -channels and thus also extend data by Lafeber et al 
(1988b) who showed that hypocalcin inhibits transepithelial Ca' 
2+ 2+ influx. Moreover, the fact that both Ca and Cd accumulation are 
inhibited by these treatments strongly suggests that these ions enter 
the cells via the same pathway. 
Whole-body Cd influx versus Ca2+ influx 
As the decrease in tissue accumulation was proportional to the 
decrease in transcellular Ca and Cd influx, both whole-body Ca 
2+ 
and whole-body Cd influx depend on passage of the apical membranes of 
2+ 2+ the epithelium. Ca and Cd transfer across the epithelium was not 
proportional as shown by the ratio of tracer activity in the gill and 
total tracer activity in the fish. The ratio was 25.5 times higher for 
2+ 2+ 
Cd than for Ca , indicating a difference in cellular buffering 
2+ 
and/or a difference in basolateral transfer. Cd could be transferred 
2+ through the basolateral membrane by the Ca extrusion pump or by 
(facilitated) diffusion. The results from experiments with basolateral 
membrane vesicles in our lab (results not shown) do not support an 
ATPase mediated Cd2+ transfer but favor the idea that Cd diffuses out 
2+ 
of the cell. A similar conclusion was drawn for Cd transfer via 
basolateral membranes in rat duodenum (Foulkes, 1986). The difference 
2+ 2+ 
in basolateral membrane transport of Ca and of Cd (ATPase mediated 
2+ 2+ 
for Ca and diffusion for Cd ) would explain the difference in 
transepithelial transport rates. However, also the difference in 
2+ intracellular metal buffering could delay the transfer of Cd . It is 
2+ 
conceivable that the affinity for Cd of cytosolic CaBF's (carrying 
2+ 
carboxyl groups) normally involved in Ca transport is similar to the 
affinity for Ca2+ (Richardt et al., 1986). This does not exclude the 
2+ 2+ 
possibility of Cd sequestration by other categories of Ca binding 
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9+ 2 + 
sites, which bind Cd more effectively than Ca (e.g. sulfhydryl 
groups). However, levels of the sulfhydryl-rich metallothioneins in 
branchial epithelium become detectable only after prolonged exposure 
(14 days) to Cd 2 + (Fu et al., 1989), which could explain the high 
sensitivity of the gills to this metal. 
2+ Short term regulation of transepithelial Ca influx is effectuated 
at the level of the apical membrane, which is under control of the fast 
acting hypocalcin (Lafeber, 1988b). Indeed, the transepithelial influx 
2+ 2+ 
of Ca proved to be proportionally related to the Ca accumulation 
2+ into the gills. The rate of transport of Cd via the gills appears to 
2+ be determined by apical membrane permeability to Cd as well as by the 
passage of the cytosol and/or the basolateral membrane of the cell. 
2+ 2+ 
In the calculations of Cd accumulation and Cd influx we assumed 
that no backflux from cytosol to water or from blood to cytosol 
2+ occurred. This assumption seems justified as the transflux of Cd is 
very low (62 nmol.h .(100 g fish)" in water containing 1.0 μΜ Cd and 
2+ 0.7 mM Ca) and as the Cd space is large. Also, backflux of Cd over 
the apical membrane will be negligible because of the electrical 
potential difference between cytosol and water (the cytosol being 
negative; Ferry and Flik, 1988). 
Transepithelial Na* influx 
The chloride cells are generally considered as the actual sites of 
Na + uptake in the gills (Avella et al., 1987). The Na+/K+-ATPase 
activity, located in the basolateral membrane of these cells, is 
regarded as the most prominent driving force for transepithelial Na* 
uptake in fish gills (deRenzls and Bornacin, 1984). Our observation 
+ 2+ 
that branchial Na influx is not affected by Cd exposure indicates 
that the Na+/K+-ATPase activity is not affected by cytosolic Cd 2 +. 
2 + However, from in vitro studies it is known that Cd can Inhibit the 
2+ 
enzyme. The concentration of Cd causing 50Z inhibition in vitro of 
Na /K -ATPase from various origins, for instance rabbit proximal tubule 
(Diezi et al., 1988), cultured vascular smooth muscle cells (Tokushige 
et al., 1984) or rat brain synaptosomes (Lai et al., 1980) is in the 
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micromolar range. We found for trout gills, that the branchial pNPPase 
activity, which reflects the K+-dependent dephosphorylation step in the 
Na+/K+-ATPase reaction cycle, was inhibited by 50% at 0.25 μΜ Cd 2 + 
(unpublished results). These data indicate that the concentration of 
9+ 2+ 
free cytosolic Cd , that causes inhibition of Ca influx, must be 
below the micromolar range, as the Na + influx was not affected. Such a 
2+ low cytosolic Cd concentration also excludes significant binding of 
9+ 2+ 
Cd to calmodulin as the K,,, of calmodulin for Cd is in the 
micromolar range (Flik et al., 1987). The formation of Cd-calmodulin 
2+ complexes has been proposed as the primary cause of cellular Cd 
toxicity (e.g. Suzuki et al., 1985). The present results point against 
2+ such a calmodulin mediated toxicity mechanism for Cd 
2+ Localization of the primary Cd target in the gills 
2+ 2+ 
Our data show that Ca and Cd enter the gills via the same route. 
2+ 
This implies that Cd is concentrated in the ion-transporting cells of 
the gills, the chloride cells, since these cells account for the 
2+ branchial Ca transport (Fenwick, 1989). As a consequence, inhibition 
2+ 2+ 
of Ca transport will occur as soon as Cd has accumulated to a level 
2+ inhibiting the Ca -ATPase transport system (chapter 4). However, the 
2+ present results also show an inhibition of the Ca accumulation rate 
in gills after prolonged Cd exposure. We suggest that this effect is 
2+ caused by a decrease in apical membrane permeability to Ca , possibly 
2+ 2+ 
an indirect blockage of Ca -channels by cytosolic Cd . This 
hypothesis is supported by several observations. First, the inhibition 
2+ Я + 
by Cd is not acute, in contrast to the inhibition by La (chapter 
2 + 2). Moreover, short term Cd exposure (0.1 μΜ) has no effect on the Ca 
accumulation rate in the tissue, whereas long term exposure (17 h) 
2+ decreases the Ca accumulation rate. Secondly, long term exposure to 
2+ Cd decreases the Cd accumulation rate in the gills whereas short term 
2+ Cd exposure has no effect. These observations indicate that Ca -
2+ 
channels become blocked when Cd accumulates in the epithelial cells, 
аз happens after a prolonged exposure to waterborne Cd. These findings 
2+ 
also support our conclusion that external Cd cannot be responsible 
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2+ 2+ 
for the inhibition of Ca influx by competition with Ca at mucosal 
sites because the inhibition of influx is not instantaneous. 
2+ Which mechanism then underlies the blockage by Cd of apical 
membrane permeability for Ca 7 Once Cd has entered the Ca 
2+ transporting cell it could affect the Ca -channels in several ways. 
2+ 2+ 
The basolateral Ca pump has an extremely high affinity for Cd 
2+ (I5Q-3 nM; chapter 4) and, therefore, nanomolar intracellular Cd 
2+ 
concentrations inhibit Ca extrusion. We speculate that inhibition of 
2+ 2+ 
the Ca pump leads to an increased intracellular Ca concentration 
2+ 2+ 
(Ca i). Possibly, Ca ¿ rises to levels that close the apical membrane 
2+ 2+ 
Ca -channels. Thus the Ca ^ level serves as a feedback signal to 
2+ 
control Ca entry at the apical membrane. An analogous model was 
proposed for rat small intestine enterocytes (van Os, 1987). Both an 
2+ 2+ 
overcapacity of Ca pumps and buffering of Cd by cytosolic binding 
2+ 2+ 
proteins could explain the delay in Ca uptake inhibition by Cd . 
2+ A question that remains, concerns the Cd -buffering capacity of the 
cytosol of the branchial epithelium. On the basis of our data we made 
an estimation of this capacity, that we assume to be located mainly in 
2+ the chloride cells. Transepithelial branchial Ca transport depends on 
2+ the activity of the plasma membrane Ca pump as the driving force 
(Perry and Flik, 1988). From in vitro studies on the kinetics of Cd2+ 
inhibition of this pump (chapter 4) the percentage inhibition of the 
2+ 2+ 
basolateral Ca transport at 0.7 nM and 5 nM Cd , respectively, can 
be calculated. If we then determine the total Cd concentration in the 
chloride cells at the time of inhibition (table 2; these cells comprise 
about 10Z of the branchial epithelium and may be assumed to accumulate 
2+ 
most of the Cd present in the gill epithelium) the equilibrium 
concentrations of free and bound Cd in the cytosol can be derived. It 
was calculated that 99.98Ï to 99.99Ï of the cadmium in the gill 
epithelium is present in some bound form with only -0.023Z or -0.005 71 
available as ionic cadmium. This corresponds with an apparent 
2+ 
stability constant of the cytosol for Cd of 8.3-9.2. Such a constant 
2+ is realistic when we assume that Cd is mainly bound by molecules 
carrying sulfhydryl groups, since these groups have a high affinity for 
Cd2+. 
38 
TABLE 2. Calculation oí total (CdJ in chloride cells assuming a density 
of 1 mg.ml' for gill epithelium and taking into account that 10% of 
the epithelial cells are chloride cells. 
water [Cd] 0.1 μΜ 1.0 μΜ 
exposure time 6h 9h Ih 4h 
Total [Cd] in chloride cells (μΜ) 9.4 17.3 17.8 28.0 
Inhibition of transepithelial 
Ca 2* influx 25Z 60* 25Ϊ 60* 
2+ 2+ 
To test the hypothesis that Cd closes Ca -channels by increasing 
2+ 2+ 
Ca ¿, the method of choice would be a study with Ca -fluorochromes to 
2+ 
show the predicted rise in Ca j. However, this approach proved not 2+ feasible because Cd quenches Quin2-fluorescence and interferes with 
2+ Ca -dependent fluorescence of fura-2 and indo-1 (personal 
2+ 
observations). The Ca binding site of fura-2 and indo-1 is an EGTA-
type site (Tsien, 1980) with a much higher affinity for Cd2+ than for 
2 + Ca (Sillen and Martell, 1964). There is, however, indirect evidence 
2+ for a rise in Ca ι upon Cd exposure of various other cell types: 
erythrocytes show an acceleration in age-related changes (Kunimoto et 
al., 1985), protein phosphorylation in human platelets is increased 
(Pezzi and Cheung, 1987), water absorption in rat duodenum is reduced 
(Toraason and Foulkes, 1984) and in rat skeletal muscle cells the 
degradative enzymes phosphorylase-b-kinase, phospholipases and 
proteases are activated (Toury et al., 1985). All these phenomena are 
2+ known to be mediated by a rise in Ca j. In human lymphocytes Cd 
45 2+ produces an increase in Ca accumulation as well as in the rate of 
mitogenesis (Parker, 1974). The latter effect is also dependent on a 
rise in Ca 2 + 1 (Parker, 1974). 
2+ Although apical membrane Ca -channels may also be affected in fish 
2+ 2+ 
exposed to Cd , we conclude that Ca transport in the gills becomes 
2+ primarily inhibited because the basolateral membrane Ca pump has such 
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an extremely high sensitivity for Cd . This conclusion with respect to 
2+ fish gills may be extrapolated to the mechanism of Cd intoxication of 
2+ 
raararaalian Ca transporting epithelia such as the kidneys and the 
2+ 2+ 
intestine. In chapter 5 we present data on Cd inhibition of Ca 
pumps from the latter tissues and confirm the predictive value of the 
gill model. 
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Chapter 4 
CADMIUM INHIBITS PLASMA MEMBRANE CALCIUM TRANSPORT 
ABSTRACT 
2+ 2+ 
The interaction of Cd with the plasma membrane Ca transporting 
2+ ATPase of fish gills was studied. ATP-driven Ca transport in 
2+ basolateral membrane (BLM) vesicles was inhibited by Cd with an I50 
value of 3.0 nM at 0.25 μΜ free Ca 2 +, using EGTA, HEEDTA and NTA to 
2+ 2+ buffer Ca and Cd concentrations. The inhibition was competitive in 
2+ 
nature since the K
m
 value for Ca increased linearly with increasing 
2+ 2+ 
Cd concentrations while the V
max
 remained unchanged. The Ca pump 
appeared to be calmodulin dependent, but we conclude that the 
inhibition by Cd occurs directly on the Ca binding site of the Ca 
2+ transporting ATPase and not via the Ca -binding sites of calmodulin. 
2+ 2+ 
It is suggested that Cd -induced inhibition of Ca transporting 
2+ 
enzymes is the primary effect in the Cd toxicity towards cells 
2 + followed by several secondary effects due to a disturbed cellular Ca 
metabolism. Our data illustrate that apparent stimulatory effects of 
2+ 2+ low concentrations Cd on Ca -dependent enzymes may derive from 
2+ 2+ 9 + 
increased free Ca levels when Cd supersedes Ca on the ligands. 
P.M. Verbosi, G. Flik, R.A.C. Lock and S.E. Wendelaar Bonga 
J. Membrane Biol. 102, 97-10Λ (1988) 
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INTRODUCTION 
Exposure of fish to cadmium (Cd) in the water is known to cause a 
wide spectrum of toxic effects (Christensen, 1975; Benoit et al., 1976; 
McCarty and Houston, 1976; Webb, 1979; Bishop and Mcintosh, 1981; 
Majewski and Giles, 1981). Fish exposed to this heavy metal become 
hypocalcémie (Roch and Maly, 1979; Giles, 1984). Disturbed iono-
regulation, as a result of the reduced plasma Ca level, has been 
implied as the fundamental mechanism of Cd toxicity (Roch and Maly, 
1979; Giles, 1984). 
It is well established that for Ca homeostasis freshwater fish 
2+ depend on their gills as the primary site for Ca uptake from the 
water (Berg, 1970; Payan and Matty, 1975; Milet et al., 1979; Ichii and 
Mugiya, 1983; Flik et al., 1985a). The uptake of Ca2+ from the water is 
2+ 
considered the resultant of an energy-dependent transcellular Ca 
2+ influx and a passive paracellular Ca efflux over the branchial 
epithelium (Flik et al., 1984; Flik et al., 1985a; chapter 2). It was 
2+ 
shown before that transepithelial Ca influx in fish gills depends on 
a high-affinity Ca2+/Mg2+-ATPase activity (Flik et al., 1985a). It 
2+ 
seems reasonable to postulate that Cd -induced hypocalcemia is a 
2+ direct consequence of an impaired branchial Ca exchange. This 
postulate is supported by our observations (chapter 2) that Cd in the 
water (5xl0~8 to IxlO"7 M) inhibits specifically Ca2+ influx in trout 
2 + gills. The same concentrations of waterborne Cd did not affect Ca 
efflux. From these experiments, and others in which we evaluated entry 
2+ 
of Ca into the epithelium (chapters 2 and 3), we tentatively 
2+ 
concluded that ATP-driven Ca transport over the basolateral membrane 
2+ becomes inhibited when fish are exposed to Cd . Assuming that the 
2+ 2+ 
trout branchial Ca pump is calmodulin dependent as reported for Ca -
ATPases in other membrane systems (Lynch and Cheung, 1979; Larsen and 
Vincenzi, 1979), one may predict at least two possible modes of 
2+ 2+ 
interaction between Cd and the Ca -ATPase, viz. indirectly via 
2 + 
calmodulin and directly via the Ca site of the enzyme. 
For a variety of other calmodulin-stimulated enzymes it has been 
shown that Cd exerts a biphasic effect, i.e. stimulation at low 
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concentrations and inhibition at high concentrations (Mazzei et al., 
1964; Suzuki et al., 19Θ5) and these effects were suggested to be 
mediated through its binding to calmodulin. Flik et al. (1987) 
2+ 
concluded that Cd inhibits phosphodiesterase activity in two ways, 
viz. directly via the enzyme and indirectly via interaction with its 
activator calmodulin. Akerman et al. (1985) reported on the influence 
of Cd on Ca /Mg -ATPase in erythrocyte ghosts and concluded that 
2+ 2 + 
Cd may exert an inhibitory effect on the Ca -ATPase by the 
interaction with the regulatory calmodulin. From another study by our 
2+ 2+ 
group (chapter 5) we concluded that Cd inhibits Ca transport in rat 
intestine basolateral membrane vesicles in a competitive way, directly 
2+ 2+ 
on the Ca binding site of the Ca -ATPase. In an attempt to get these 
different results on one line we started this study. 
2+ In this chapter we evaluate the effects of Cd on the kinetics of 
2+ Ca transport in resealed vesicles of isolated basolateral membranes 
(BLM) from gill epithelium. We postulate that inhibition of the gill 
Ca -ATPase by Cd occurs directly on the Ca site of the enzyme and 
2+ 
not via interaction of Cd with calmodulin. Furthermore, it will be 
2+ 2 + 
shown that in media buffered for Ca (and Cd ) it is actually the 
2+ 2+ 
rise in free Ca upon addition of low concentrations of Cd that 
2+ 
underlies the apparent stimulatory effects of Cd both in our assay 
system and in data from the literature that were reanalyzed according 
to this notion. 
MATERIALS AND METHODS 
Fish 
Male and female rainbow trout, Salmo gairdneri, with an average body 
weight of 165 g were obtained from a commercial dealer in Beek, The 
Netherlands. In the laboratory trout were kept in running Nijmegen tap-
2 + 
water (0.8 mM Ca , 10*C) under a photoperiod of 12 h light per day. 
The animals were fed trout pellets (Trouvit). 
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Isolation of plasma membranes 
Plasma membranes of branchial epithelium were isolated as described 
in detail by Flik et al. (1985b). In short, after homogenizatlon (2 min 
ultraturrax) of gill epithelial scrapings, nuclei and cellular debris 
(pellet, PQ) were separated from membrane fractions (supernatant, 
depicted as H Q ) by centrifugation at 550 g for 10 min. Next membranes 
were collected by ultracentrifugation of HQ (50 Krpm, 30 min, Beekman 
Ti 70 rotor) and a pellet (Pj) consisting of a firm brownish part with 
a fluffy layer on top was obtained. This fluffy layer was resuspended 
in isotonic sucrose-buffer with a Dounce homogenizer (100 strokes). 
This membrane suspension was centrifuged differentially: lOOOxg for 10 
min, lOOOOxg for 10 min (yielding P2) and SOOOOxg for 30 min (Sorvall 
RC-5B) yielding the final pellet P3. 
Plasma membrane vesicles obtained were resuspended by 10 passages 
through a 23-G needle in a buffer containing 20mM Hepes/Tris (pH 7.4), 
1.5 mM MgCl2 and 150 mM KCl (Ca2+ transport studies) or 150 mM NaCl 
(enzyme studies). From the branchial apparatus of a 165 g trout a crude 
homogenate (HQ) containing 89.6 ± 24.2 mg protein (n-17) was obtained: 
1.35 ± 0.46 mg protein (n-17) was recovered in the BLM vesicle 
fraction. Membrane preparations were used on the day of isolation 
without being frozen. 
TABLE 1. Relative recoveries and purification of marker enzymes in 
trout gill plasma membranes. Values are means ± SD for 6 to 9 different 
experiments. 
v
specH0 vepecp3 Zrecovery^ enrichment 
Protein — — 1.5 ± 0.3 
Na+/K+-ATPase1 3.2 ± 1.6 33.7 ± 3.5 13.0 ± 2.8 10.5 
SDH2 39.4 ± 7.3 17.1 ± 10.1 0.7 ± 0.4 0.4 
1) Vspec " fmo1 Pi/hr 1 mg protein, at 37'C 
2) vspec ш Л^ср/тіп χ mg protein, at 25'C 
3) Xrecovery -
 в
р
ес
Рз χ # mg Pj-proteln/VSpecHQ χ # mg HQ-protein 
4) enrichment - др
вс
Рз/
 8р е сНо 
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Calmodulin depletion studies 
Referring to the steps of membrane isolation, for calmodulin 
depletion the fluffy layer of P^ was resuspended in 5 mM EGTA 
containing isotonic sucrose buffer (in controls isotonic sucrose buffer 
Ο ι 
without EGTA was used). The very low Ca concentration thus obtained 
decreases the affinity of calmodulin for the Ca* -ATPase (Foder and 
Scharff, 1981) and enables separation by centrifugation of the 
calmodulin dissociated from the membranes. The degree of calmodulin 
depletion was determined with a calmodulin RIA (Amersham, code IM.150). 
Enzyme assays 
Routinely, two marker enzymes were used to characterize the membrane 
preparations, viz. Na+/K+-ATPase for basolateral plasma membranes and 
succinic acid dehydrogenase (SDH) for mitochondrial fragments (for 
assay conditions see Flik et al., 1983). Maximum enzyme activities were 
obtained after preincubation (10 min 37°C) with detergent at optimal 
concentration: 0.20 rag.ml saponin was used at a protein concentration 
of about 0.50 mg.ml- . 
Protein was determined with a reagent kit (Biorad), with bovine 
serum albumin (BSA) as reference. Data on recovery and purification of 
Na+/K+-ATPase and SDH activities in trout branchial epithelium membrane 
fractions in our isolation procedure are given in table 1. The final 
membrane fraction used was enriched 10.5 times in the BLM marker 
Na+/K+-ATPase, as compared to the initial tissue homogenate (HQ). Only 
a small contamination with mitochondrial membrane fractions was present 
in this preparation as indicated by a purification factor of 0.4 for 
succinic acid dehydrogenase (SDH) activity. To exclude contributions of 
mitochondrial membranes 5 μg.ml oligomycin В was routinely included 
2+ in the Ca transport assay media. The aforementioned factors for 
purification and recovery are in line with previously published data on 
eel (Flik et al., 1985b) and with a recent study on trout (Perry and 
Flik, 1988). It has been shown for identical membrane preparations that 
this isolation procedure results in low purification factors and 
recoveries for thiamine pyrophosphatase, and NADH- and NADPH-dependent 
cytochrome-c reductases (Perry and Flik, 1988). 
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Vesicular space 
Uptake of D-( C)-mannitol (Amersham International) in membrane 
9+ —6 9+ 
vesicles was measured in the Ca transport medium (10 M Ca , 
without Ca) to which 100 μΜ mannitol plus 7.6x10 Bq.ml 
1
 C-mannitol had been added. 
The vesicular space for trout gill plasma membranes calculated on 
the basis of vesicle mannitol content at equilibrium at 1 h was 6.70 ± 
2.32 ці.пча protein (n«8), a value comparable to the one reported for 
vesicles obtained from eel gill plasma membranes (2.21 μΐ.π^ protein; 
Flik, et al., 1985b). Calmodulin depletion by EGTA treatment did not 
affect the vesicular space (results not shown). 
2 j. 
Ca transport studies 
2+ ATF-dependent Ca transport was determined by means of a rapid 
filtration technique as described by Van Heeswijk et al. (1984). The 
composition of the assay medium (final concentrations in mM) is: Hepes 
[4-(2-hydroxyethyl)-l-piperazineethane sulfonic acid]/Tris [(hydroxy-
methyl)-aminomethane] (20, pH 7.4), Tris-ATF (3), KCl (150), free Mg 
(1.5), EGTA [ethylene glycol bis ((l-aminoethylether)-N, N'-tetraacetic 
acid] (0.5), HEEDTA [N-(2-hydroxyethyl) ethylene-diamine-N.N'.N'-triac-
etic acid] (0.5), and NTA [nitrilotriacetic acid] (0.5). All 
2+ 2+ 
incubations were carried out at 37°C. The free Ca and Cd 
concentrations (mentioned in the Tables and Figures) at the various 
conditions were calculated according to Van Heeswijk et al. (1984). 
Stability constants of the ligands (EGTA, HEEDTA, NTA and ATF) were 
obtained from Sillen and Martell (1964). We determined the association 
9+ 
constant К for Cd-ATP in a Cd -titration study, using a 2 + Cd -selectrode (Radiometer, F3012) in a medium with an ionic strength 
comparable to that of the assay system (150 mM №N03 and 20 mM 
Hepes/Tris, pH 7.4). The selectrode used is insensitive to Ca and 
2+ Mg up to mM concentrations. An association constant К - pK¿ - 5.43 ± 
0.04 was calculated (Price and Dwek, 1979). Pecoraro et al.(1984) using 
32P NMR (ЗО'С, ionic strength: 0.1 M by addition of KNO3) found a К 
value of 4.36 ± 0.28 for Cd-ATP. Although such a difference might be of 
2+ 2 + importance in media with a low buffer capacity for Ca and Cd it 
appeared insignificant in our system with 1.5 mM EGTA, HEEDTA plus NTA 
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and 3 mM ATP. 
The Ca radioactive concentration in the transport medium was 5.6 
to 7.4 χ 10 Bq.ral . The amount of membrane protein per filter was 15 
to 20 pg. Filters with retained radioactivity were dissolved in 4 ml 
Aqualuma scintillation fluid (15 min at room temperature); the 
radioactivity was determined in a LKB rackbeta LSC, equipped with a 
dpra-program. 
Vesicle Ca uptake characteristics were similar to those reported 
by Perry and Flik (1988) for trout gill BLM vesicles. Typically the 
calcium ionophore A23187 gives release of vesicular Ca , indicating 
2+ 
that ATP-driven accumulation of Ca in the vesicular space occurs. 
2+ Also, Ca -uptake proved to be linear for at least 2 min, and this 
allowed us to perform kinetic analysis on the basis of 1 min 
2+ incubations. Initial Ca transport velocities were defined as the 
difference in Ca accumulation in the membrane vesicles in the 
presence and in the absence of ATP. 
Statistics 
Data were statistically analyzed by the Mann-Whitney U-test. 
Statistical significance was accepted for F < 0.05. Linear regression 
analysis was based on the least squares method. 
RESULTS 
2+ Calmodulin dependency of Ca transport 
According to the RIA data the EGTA treatment during membrane 
isolation resulted in a 34.41 decrease of membrane calmodulin from 3.20 
± 0.10 to 2.10 ± 0.37 mg.(g protein)"1 (n-4). The effects of this 
2+ calmodulin depletion on the kinetics of Ca transport are shown in 
2+ table 2. A significant decrease in the Ca transporting capacity 
(V
m a x
) was observed concomitantly with a decrease in membrane 
2+ 2+ 
calmodulin content. The affinity of the Ca pump for Ca decreased 
(increased Кщ), although not significantly. The effects of calmodulin 
depletion were fully reversed by calmodulin repletion. 
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TABLE 2. Effect of EGTA treatment and calmodulin repletion on the 
2 j . 
kinetics of BUÍ Ca transport. EGTA-treated membranes were repleted 
with 50 mg calmodulin per g protein. The Vmax and Km values were 
derived from Eadie-Hofstee plots; values are means ± SD; η indicates 
the number of membrane preparations tested. 
Km' corr.coeff. ' 
Control 
EGTA-treated 
CaM repleted 
2.26 ± 0 . 8 2 
1.58 ± 0 . 6 1 4 
2 . 1 4 ± 0 . 7 6 
0.15 ± 0 . 0 6 
0.20 ± 0.07 
0 . 1 4 ± 0.07 
0 . 9 2 3 ± 0 . 0 5 0 11 
0 . 9 0 4 ± 0 . 0 9 2 9 
0 .875 ± 0 .073 7 
1) vmax i n rmol.min' . (mg protein)' 
2) K
m
 in μΜ 
3) Correlation coefficients relate to respective Eadie-Hofstee 
plots 
4) Ρ < 0.03 
Ca2t-transport (nmol/min mg proteml-
2 0 4 
16-
12-
4h 
О Ю
- 1 0
 5 Ю - 1 0 10" 
ю
- 8 
Cd2'(Ml 
1. Inhibition by Cd 2+ 
2+ 
FIG. 
of ATP-dependent Ca' 
transport in BLM vesicles 
of trout gill. The points 
represent mean values ± SE 
of 1 min uptakes at 0.25 
μΜ free Ca*+ from Λ to в 
experiments. 
ж: Ρ < 0.05; XX: Ρ < 0.01 
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i* 2+ 
Effects of Cd on Ca transport 
2+ 2+ In figure 1 the effect of Cd on Ca transport, at 0.25 μΜ Ca 2+ 
is shown. 2+ 2+ 
Cd proved extremely inhibitory towards active Ca 
transport; a 50Ϊ inhibition of the Ca 
found at 3.0 nM Cd 2 +. 
2+ transport rate at 0.25 μΜ was 
FIG. 2. Eadie-Hofstee 
2+ 
plots of Ca -depen­
dency of ATP-depen-
dent Ca transport 
in trout gill BLM 
vesicles at different 
free Cd concentra­
tions. The points 
represent mean values 
of 1 min uptakes from 
б experiments. 
2+ Kinetic analysis of the Ca transport was carried out to establish 
2+ the nature of inhibition by Cd . Figure 2 shows an Eadie-Hofstee plot 
2+ 2+ 
for Ca transport at varying Cd' concentrations. Mean values for the 
2+ kinetic parameters of the Ca transport process, derived from 
Eadie-Hofstee transformations of the individual experiments are given 
2+ in table 3. To assure true V
m a x
 determinations at varying Cd 
2+ 
concentrations, the free Ca concentrations were varied around the 
2+ 
apparent Кщ values anticipated to occur at the Cd concentrations 
chosen. 
49 
From the data in table 3, a linear increase of Кщ with increasing 
Cd^+ concentration was observed (rg » 0.9995, Ρ < 0.001, n-3). The V
m a x 
of the Ca transport process was not significantly influenced in the 
2+ Cd concentration range tested. 
TABLE 3. Effect of Cd2* on the kinetics of the ВШ Ca2* transport.
 т
ат 
and K
m
 values were derived from Eadie-Hofstee plots; Ca 
concentrations were varied around the apparent K
m
 values. Mean values 
of 6 individual observations from different membrane preparations are 
given. 
9 + Cd concentrations 
0 (control) 
5xl0- 1 0 M 
IO"9 M 
5xl0"9 M 
IO"8 M 
1. 
1. 
1. 
2, 
2. 
v
max 
.99 ± 0.30 
,83 ± Ο.ΐβ 
.92 ± 0.18 
.03 ± 0.30 
.23 ± 0.25 
0. 
0. 
0. 
0. 
1. 
Km2 
,16 ± 
,17 ± 
,20 ± 
,93 ± 
,95 ± 
0.05 
0.05 
0.06 
0.294 
0.254 
corr.coeff. 
0.965 ± 0.041 
0.908 ± 0.074 
0.876 ± 0.102 
0.904 ± 0.074 
0.910 ± 0.081 
1) vmai ^η nmol.min' .(mg protein)' 
2) K
m
 in μΜ 
3) Correlation coefficients relate to respective Eadie-Hofstee 
plots 
4) Ρ < 0.005 
DISCUSSION 
Four major conclusions are drawn from this study: 
2+ 
1) ATF-driven Ca transport in basolateral plasma membranes of gills 
is extremely sensitive to inhibition by Cd . 
2) In well-defined assay media that include buffers for Ca and Cd , 
2 + 
only inhibitory effects of Cd were observed; stimulatory effects did 
not occur. 
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2+ 2+ 
3) The Ca pump is calmodulin dependent, but inhibition by Cd of the 
pump is not mediated via this regulatory protein. 
4) Kinetic ana 
transport site. 
2+ 2+ 2+ 
4) Kinetic analyses show that Cd inhibits the Ca pump via its Ca 
2+ 
Implications for transepithelial Ca transport 
2+ Our physiological studies on trout gills have indicated that Cd 
2+ inhibits Ca translocation over the basolateral plasma membrane of the 
chloride cells of the gills (chapter 2). In the present study this 
2+ 
conclusion is firmly supported by our demonstration that Cd inhibits 
2+ Ca transport In basolateral membrane vesicle preparations. The data 
2+ presented here indicate that Cd , due to an extremely high affinity of 
the Ca pump for Cd , blocks transepithelial Ca passage by 
2 + inhibition of the BLM Ca* -ATPase. We speculate that the very high 
2+ 2 + 
affinity for Cd of the Ca -ATPase is indicative of the presence of a 
2+ SH-(like)group in the Ca site of the enzyme. 
2+ Transepithelial Ca influx in trout gills depends on the passage of 
2+ Ca from the water to the blood across two membrane barriers, viz. the 
apical and the basolateral plasma membrane of the chloride cells (Flik 
et al., 1985). We have shown that the inhibition by Cd2+ of the 
2+ transepithelial Ca influx across the gills does not occur 
instantaneously, but after an exposure period of several hours 
(chapters 2 and 3). This latency indicates that Cd in the ambient water 
(in concentrations <10 M) did not affect the entry of Ca in the 
chloride cells via the apical membrane. In the same study we have shown 
that Cd2+ enters the epithelium, possibly via apical, La^-inhibitable 
2+ Ca -channels. We therefore further concluded that significant 
2+ 2+ 
buffering of Cd occurs in the cytosol of these cells before the Ca 
pump in the BLM becomes inhibited (chapter 3). 
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2+ Mechanism of Ca transport inhibition 
The present work establishes that trout gill BLM's contain 
calmodulin. EGTA treatment of the membranes during isolation led only 
to a 341 calmodulin depletion; apparently this regulatory protein is 
tightly associated with the membranes. A comparable tight association 
has been reported for calmodulin in heart sarcolemma (Caroni and 
Carafoli, 1981). Our approach to calmodulin depletion of BLM resulted 
2+ in a decrease of the V m a x of ATP-driven Ca transport showing 
2+ 
calmodulin dependency of the Ca pump. The calmodulin depletion had no 
2+ 
significant effect on the enzyme's affinity for Ca . Calmodulin 
antagonists W7, C^ß/gQ and calmidazolium gave only 20Z inhibition of 
Ca transport at 100 μΜ, 100pg/ml and ΙμΜ, respectively (after 12 rain 
preincubation on ice or 5 min preincubation at 37°C), indicating poor 
accessibility of the calmodulin antagonists to the inhibitory sites 
(unpublished observations). Recently Ghijsen et al. (19Θ6) described 
the same poor accessibility for calmodulin antagonists in plasma 
membrane vesicles derived from rat duodenum. 
2+ A priori at least two possible mechanisms of inhibition of the Ca 
pump should be considered, namely inhibition via its regulator 
2+ 2+ 
calmodulin and inhibition via the Ca site of the enzyme. Cd may 
2+ 
replace Ca on calmodulin (Forsen et al., 1980) and the Cd-calmodulin 
complex is reported to stimulate calmodulin-dependent enzyme activities 
(Chao et al., 1984; Flik et al., 1987). On the other hand Akerman et 
al. (1985) tentatively concluded that the inhibitory effect of Cd 2 + on 
2+ 2 + 
calmodulin activated Ca /Mg -ATPase of human erythrocyte ghosts 
2+ 
results from an interaction of the Cd ion with calmodulin. We did not 
find a biphasic effect of Cd 2 + on ATP-driven Ca 2 + translocation in 
trout branchial BLM membrane which seems to distinguish this 
2+ Ca -ATPase from other calmodulin-stimulated enzymes: studies on 
2+ 
calmodulin-sensitive Ca' -dependent myosin light-chain kinase (MLCK; 
Mazze! et al., 1984) or calmodulin-sensitive phosphodiesterase (Chao et 
al., 1984; Suzuki et al., 1985; Flik et al., 1987) suggest a 
2 + 
stimulatory effect of Cd on the enzymes via calmodulin at low Cd 
concentrations and an inhibitory effect at high Cd concentrations. We 
feel, however, that an important difference in methodology in our 
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studies and in those of e.g. Mazzei et al. (1984), Suzuki et al. 
(1985), and Flik et al. (1987) may underlie this apparent discrepancy. 
The aforementioned authors reported on the effects of the total Cd 
concentrations on enzyme activity; in our study we calculated the free 
2+ 2+ 
Cd and free Ca concentrations in the assay media. The ionic form of 
2+ Ca is generally believed to be the actual physiological effective 
2+ form; the Cd ion is the presumptive toxic form of this heavy metal 
(Cain and Webb, 1 9 8 3 ) . 
- 200 
no· 
0-· 
-Ю 
200 600 
lobi Cd l/M) 
FIG. 3. Effect of addition of graded amounts of Cd to the assay 
medium on ATP-dependent Ca transport in trout gill ВШ vesicles. 
pCa and pCd: the resulting free Ca and Cd concentrations, 
calculated to occur at these conditions, are included in the 
figure. For this assay a Ca2+/Cd2* buffer of 0.1 ntí EGTA plus 
HEEDTA was used, which is comparable to the buffer conditions 2+ 
chosen in the studies of other Cd -sensitive enzyme systems 
mentioned in the discussion. 
SE for 4 experiments. 
2+ Values for Ca transport are means ± 
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2+ 2+ 
Apparent biphasic effect of Cd on Ca transport 
2+ 2+ 
A biphasic effect of Cd on the Ca pump is observed when Ca 
transport is determined as a function of total Cd added to the assay 
system (figure 3) using a constant total Ca concentration, assuming a 
2+ 
constant free Ca concentration of 0.1 μΜ (the strategy followed by 
e.g. Mazzei et al. (1984), Suzuki et al. (1985), and Rauchova et al. 
(1985). Included in figure 3, however, are the actual, calculated free 
Ca (pCa) and Cd concentrations (pCd). From these calculations we 
2+ 
conclude that the Cd -induced enzyme activation at low Cd 
concentration is artefactual and is best explained by the increase in 
2+ 2+ 
the free Ca concentration that occurs on addition of Cd to the 
2+ 
system (Cd , because of its high affinity for the ligands in the 
2+ 
media, displaces Ca from the ligands). This is illustrated by the 
2+ fact that at higher Ca concentrations with almost no change in free 
2+ 2+ 
Ca on addition of Cd , low Cd concentrations only show a 
progressively inhibitory action. This notion probably explains the 
results of Mazzei et al. (1984), who reported stimulatory and 
inhibitory effects of Cd on MLCK and FL-Ca-FK at low and only 
2+ inhibitory effects at high concentrations Ca . The fact that Cd 
stimulates the calmodulin-dependent MLCK as well as the calmodulin-
independent FL-Ca-PK invalidates the theory of a stimulation via 
2+ 2+ 
calmodulin. Another example of "stimulation by Cd " of a Ca -
requiring (and calmodulin-independent) enzyme is that of the 
mitochondrial glycerol 3-phosphate dehydrogenase: Rauchova et al. 
(1985) published stimulatory effects at low- and inhibitory effects at 
high-Cd concentrations. Recalculation of the data given by these 
authors confirmed our hypothesis that the stimulation of enzyme 
activity after addition of Cd may be the result of an increase in free 
2+ 
Ca . For example, in the experiments on MLCK by Mazzei et al. (1984) 
the concentration Ca 2 + increases 136 times (from 2.2x10" to З.ОхІО-5 
M), accompanied by an enzyme stimulation, in the concentration range 0 
to 50 μΜ total Cd and with 30 μΜ total Ca. In the same Cd range with 
2+ 100 μΜ total Ca the concentration Ca increases only 2 times (from 
5.0xl0~5 to 9.9xl0"5 M) and than Cd only caused inhibition of enzyme 
2 + 
activity. The concentration Ca is 100 to 1000 times higher than the 
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Cd 2+ concentration in the concentration range 0 to 50 μΜ total Cd. 
2+ Moreover, the present results illustrate that the activity of Ca 
2+ transport ATPase depends on the free Ca concentrations in the assay 
media. We conclude, therefore, that in vitro studies on the actions of 
2+ 2+ Cd on Ca /calmodulin-dependent enzymes can only be properly carried 
out in media well defined with respect to metal ion levels. 
2+ Beside the fact that the increase in free Ca could explain the 
2+ biphasic character of the effects of Cd on Ca transport activity we 
2+ 2+ 
wish to emphasize that Cd already inhibits Ca transport at 
2+ 
nanomolar concentrations. In figure 4 the Ca transport data from 
2+ figure 3 are plotted versus the Ca concentrations that occur on 
addition of the various Cd concentrations (line Б). Line A in figure 4 
2+ 2+ 
represents data on Ca transport in the absence of Cd . 
20 
10 
0 J 
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FIG. 4. Line A shows the control values for ATP-dependent 
Ca transport in ВШ vesicles at different free Ca 
concentrations. Values are means ± SE for 16 experiments. 
Line В represents values derived from figure 3 of ATP-
dependent Ca transport at various total Cd concentrations 
plotted versus the free Ca concentrations calculated to 
occur at these conditions. 
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2+ —8 
First, we may conclude that even Cd concentrations lower than 6x10 
2+ M cause an inhibition of the Ca pump. If appropriate corrections for 
free metal ion levels are omitted, one would erroneously conclude that 
such concentrations are stimulatory. Second, there is a drastically 
2+ 2+ 
enhanced inhibition of Ca transport when the Cd concentration 
-β 2+ 
exceeds 6x10 M. We speculate that this inhibition at high Cd 
2+ 
concentrations results from interactions of Cd with other sites of 
2+ 2+ 
the enzyme than the Ca -binding site, for instance the Mg site. 
Involvement of calmodulin 
Since Suzuki et al. (1985) and Flik et al. (1987) found 
2+ 2+ 
approximately similar affinities of calmodulin for Ca and Cd , the 
2+ 2+ 
calculated molar Cd /Ca ratio of the media may be used as an 
2+ indicator of Cd induced calmodulin-mediated effects on the enzyme. 
2+ The apparently enhanced Ca transport activity resulting from the 
addition of Cd to the Ca transport media (figure 3, Ca transport 
>100X) occurred at Cd 2 +/Ca 2 + ratios (Cd 2 +/Ca 2 + varied from 4.27xl0"5 to 
11x10 ) at which the formation of significant amounts of Cd-calmodulin 
2+ 
complexes seems unlikely. Both the fact that the Ca pump is inhibited 
2+ 
whenever Cd is present and the fact that no significant amounts of 
2+ Cd-calmodulin will occur in the media make a stimulatory action of Cd 
via calmodulin unlikely. 
Our results contradict the results of Akerman et al. (1985) who 
concluded that Cd 2 + indirectly (via calmodulin) inhibits the Ca 2 +/Mg 2 +-
2 + ATPase from erythrocyte ghosts. The calculated free Cd concentration 
in their media was 1.2 to l.AxlO-11 M (and the Cd 2 +/Ca 2 + concentration 
ratio calculated on basis of their data varied from 5.5x10" to 5.5x 
10~ ) which makes the formation of significant amounts of Cd-calmodulin 
complexes unlikely and the interpretation of their data very difficult. 
2 + Kinetic analysis showed that inhibition of the plasma membrane Ca 
2+ transport process by Cd is competitive, as shown by a linear increase 
2+ 
of KJJJ with increasing Cd concentration and no significant effect on 
V
m a x
. The competitive nature of inhibition of the Ca 2 + transport 
2+ process by Cd together with the unlikely occurrence of Cd-calmodulin 
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complex formation (see above) provides evidence against an inhibition 
2+ 2+ 2+ 
of the Ca pump by Cd via calmodulin (at least at Cd 
—β 
concentrations <10 M). 
2+ 2+ 
We conclude that Cd inhibits Ca transport in BLM by occupying 
2+ 2+ 
the Ca transport site of the Ca -ATPase. At the moment we can only 
2+ speculate about intracellular free Cd concentrations that may occur 
in the gill epithelium in vivo. We calculated that the gill tissue Cd 
content is 13.2 цпюіу^ wet weight tissue after a 45 min exposure to 1 
2+ μΜ Cd in the water. The free Cd concentration may be expected to be 
around 1.5x10" M if one takes into account a 0.15 raM Ca-binding 
protein buffer in the cytosol (Van Os, 1987). In view of the extremely 
2+ 2+ high affinity for Cd of Ca pumping ATPases in vitro it seems 
2+ 
reasonable to consider that Cd , even though it may be bound to 
2+ intracellular Ca receptors for a greater part, still may have an 
2+ inhibitory effect on the Ca transport and by so doing eventually 
2+ 
raise cytosolic Ca levels. 
Primary Cd2* target 
2+ An important question is whether the active Ca transport is the 
2+ 
most sensitive target for a cell being intoxicated by Cd . It may be 
2+ that inhibition of Ca transport leads to other disturbances or that 
2+ it is only one aspect of Cd toxicity for the cell. Nechay and 
Saunders (1977) working with rat kidney cortex microsomes showed an 
inhibitory effect of Cd on Na+/K+-ATPase activity. However, the free 
2+ Cd concentration causing 50Z inhibition of enzyme activity was very 
2+ high (3 μΜ free Cd ) as we calculated on the basis of their data (0.26 
mM total Cd, 3 mM ATP, ЗшМ Mg). Sugawara and Sugawara (1975a) reported 
2+ that Cd inhibited rat intestinal brush-border alkaline phosphatase 
activity in vitro; even in the presence of 100 μΜ Cd this activity 
was still as high as about 50Í of the control value. Compared to these 
2+ 
results Ca extrusion over the plasma membrane seems to be the most 
2+ Cd -sensitive process reported so far. This supports the idea that 
Cd2+ interferes specifically with Ca2+-ATPases that extrude Ca from 
the cytosol and, as a secondary effect, upsets other cellular events. 
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For renal cells it was recently demonstrated that cytosolic Ca 
increased after Cd administration to rats (Maitani et al., 1986). Also 
the hypocalcemia in fish after Cd exposure, that is accompanied by 
2+ inhibition of transepithelial Ca influx (which depends on the 
Ca2+-ATPase activity in the tissue; Flik et al-, 1984) can be 
understood in view of the high sensitivity of the gill plasmamembrane 
Ca2+ pump for Cd2+. 
2+ 9 + 
Our conclusion that Ca -ATPases are one of the primary Cd targets 
2+ 
contributes to the interpretation of Cd toxicology. Investigations on 
rat enterocyte BLM vesicles and rat kidney cortex BLM vesicles revealed 
2+ 2+ 
a very similar inhibitory effect of Cd on ATP-dependent Ca 
transport in these membranes (chapter 5). We have suggested that all 
2+ 
membrane Ca -ATPases which also occur in Golgi membranes and RER, and 
2+ play a dominant role in cellular Ca homeostasis, may be inhibited at 
2+ 
nanomolar Cd concentrations. 
58 
Chapter 5 
NANOMOLAR CONCENTRATIONS OF Cd 2 + INHIBIT Ca 2 + TRANSPORT SYSTEMS 
IN PLASMA MEMBRANES AND INTRACELLULAR Ca 2 + STORES IN RAT 
INTESTINAL EPITHELIUM 
ABSTRACT 
2+ 2+ 
The interactions of Cd with active Ca transport systems in rat 
2+ intestinal epithelial cells have been investigated. ATP-driven Ca 
2+ transport in basolateral plasma membrane vesicles was inhibited by Cd 
with an I50 value of 1.6 nM free Cd 2 + at 1 μΜ free Ca , using EGTA and 
9+ 2 + 
HEEDTA to buffer Ca and Cd concentrations. The inhibition was 
2+ 
competitive in nature since the 1^ value of Ca increased with 
2+ 2 + 
increasing Cd concentrations while the V
m a x
 remained constant. Cd 
2+ had similar effects on ATP-dependent Ca uptake by permeabilized 
2+ 
enterocytes, indicating that non-mitochondrial and mitochondrial Ca 
2+ 
stores are also inhibited by nanomolar concentrations of Cd . Also the 
2+ 2+ 
renal Ca pump was inhibited by Cd , with an apparent I5Q value of 
1.8 nM at 1 μΜ free Ca . We conclude that ATP-driven Ca 2 + transport 
2 + 
systems are the most sensitive elements so far reported in Cd 
intoxication. 
P.M. Verbosi, M.H.M.N. Senden, and C.H. van Os 
Biochimica et Biophysica Acta 902, 247-252 (1987) 
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INTRODUCTION 
2+ 2+ 
Exposure to Cd results in disturbances in Ca homeostasis of the 
2+ body. A very pronounced effect of Cd intoxication is skeletal 
2+ deformation due to Ca mobilization from bone as a consequence of 
2+ decreased active Ca absorption in the intestine (Ando et al., 1977; 
Ando et al., 1978; Ando et al., 1981). Active transcellular Ca2+ 
2+ transport consists in passive Ca entry across the brush-border 
2+ 
membrane, diffusion of Ca through the cytosol mediated by a vitamin 
D-dependent Ca binding protein (CaBP) and ATP-driven efflux across 
2+ the basolateral plasma membrane (for review, see Van Os, 1987). Ca 
2+ 2+ 
influx into intestinal cells is inhibited by Cd but a rather low Cd 
sensitivity was observed (Hamilton and Smith, 1978; Toraason and 
2+ Foulkes, 1984). It was also demonstrated that Cd entered the 
2+ 
enterocytes (Toraason and Foulkes, 1984). Binding of Cd to CaBP with 
2+ 
similar affinity as Ca has been reported (Corradino and Fullmer, 
1980; Fullmer et al., 1980). In addition, Cd2+ reduced CaBP 
concentrations in chick duodenum (Fullmer et al., 1980). Information on 
2+ 2+ 
Cd interference with the Ca -pumping ATPase in the basolateral 
2+ 
membrane is not available. It is also unknown whether Cd interacts 
2+ 
with non-mitochondrial or mitochondrial Ca stores in enterocytes. 
2+ 2+ 
Therefore, the effect of Cd on ATP-dependent Ca transport in plasma 
2+ 
membrane and intracellular stores was studied. Since Cd is also very 
2+ 
nephrotoxic the renal plasma membrane Ca pump was included in our 
2+ 
study. We report here an unanticipated high affinity for Cd of 
2+ ATP-dependent Ca transport systems in both the intestine and kidney. 
MATERIALS AND METHODS 
Plasma membrane preparations 
Kale Wistar rats (180-200 g) were killed by cervical dislocation. 
The first 15 cm of the small intestine was removed and rinsed with 
ice-cold saline containing 1 mM dithiothreitol. Isolation of 
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enterocytes and basolateral plasma membrane vesicles have been 
described in detail (Ghijsen et al., 1982). Kidneys from three male 
rats were removed and decapsulated. Cortical slices were homogenized 
and basolateral membranes were purified as previously described (Van 
Heeswijk et al., 1984). The purification factors for Na+/K+-ATPase in 
basolateral membrane preparations of rat duodenum an renal cortex were 
similar to those previously reported (Ghijsen et al., 1982; Van 
Heeswijk et al., 1984). 
Preparation of permeabilized enterocytes 
Isolation and permeabilization of duodenal enterocytes was done as 
before with the following modifications (Van Corven et al., 1987). 
Everted pieces of rat duodenum were tied onto rods and vibrated for 20 
min in 150 mM NaCl containing 2.5 mM EDTA. Cell aggregates were 
collected at 200xgx5 min and incubated for 30 min at 25"C in a shaking 
waterbath in a medium containing (mM): 120 NaCl, 4.8 KCl, 1.2 KH2PO4, 
10 HEPES, 10 EGTA, 15 glucose, 1 dithiothreitol, 0.1% (w/w) bovine 
serum albumin (BSA) and 1 mg.ml hyaluronidase. The suspension was 
gassed with 100X O2. Saponin was used to permeabilize the isolated 
cells as previously described (Van Corven et al., 1987). Trypan blue 
(0.5Z) tests indicated 80% leaky cells after 10 min incubation at 25°C 
with 30 yg.ml saponin. 
/5 
Ca uptake experiments 
2+ ATP-dependent Ca uptake in basolateral membrane vesicles was done 
as previously (Ghijsen et al., 1982; Van Heeswijk, 1984; Van Corven et 
al., 1985). The final concentrations during uptake experiments were 
(mM): 150 KCl, 20 HEPES-Tris pH 7.4, no ATP or 3 ATP, 0.5 EGTA, 0.5 
HEEDTA, an amount of calculated СаСІ2 to bring the free Ca 
concentration to the desired level (0.025 to 10 μΜ) and a calculated 
2+ 
amount of MgCl2 to keep the free Mg concentration fixed at 1.5 mM. 
2+ The free Ca and Mg2+ concentrations were calculated as previously 
described (Van Heeswijk et al., 1984). The medium contained 3 цСі.тІ 
4 5Ca. To study the effect of Cd 2 + on ATP-dependent Ca 2 + uptake the free 
Cd 2 + concentration was varied between 10" 1 0 and 10"8 M. The free Cd 2 + 
concentration was calculated as described by Van Heeswijk et al. 
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(1984), using the following binding constants of Cd 2 + for EGTA, HEEDTA, 
and ATP: 14.6, 13.0 (Sillen and Martell, 1964) and 5.43 (log values). 
2+ The binding constant of Cd for ATP was determined by titration using 
a Cd -selectrode (Radiometer, F3000). The Ca uptake was stopped by 
adding aliquots to 1 rol ice-cold stop solution (uptake medium + 0.1 mM 
ЬаСІз). Membranes were collected by rapid filtration. 
2+ ATP-dependent Ca uptake by perraeabilized enterocytes was measured 
as recently described (Van Corven et al., 1987). The final 
concentrations during uptake experiments were (mM): 120 KCl, 1.2 
КНгРОд, 5 pyruvate, 5 succinate, 0.5 EGTA, 0.5 HEEDTA, zero or 10 ATP, 
10 creatine phosphate, 10 U.ml creatine kinase, 5 μΰί.πιΐ Ca and 
2 + pH 7.4 (adjusted with KOH). The free Ca concentrations studied were 
0.1 and 1.0 μΜ. The free Mg2+ concentration was kept at 1.5 mM. The 
2+ -10 —8 
free Cd concentration was varied between 10 and 10 M and 
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calculated as above. The Ca uptake was stopped by adding aliquots to 
1 ml ice-cold stop solution (150 mM KCl, 1 mM MgCl2, 20 mM Hepes-Tris, 
pH 7.4 and 1 mM EGTA). Cells were collected by rapid filtration (ME25, 
0.45 μπι). 
Materials 
MgATP, oligomycin, antimycin, saponin, EGTA, HEEDTA, dithiothreitol 
were from Sigma (St. Louis, MI). СаСІ2 (± 10 raCi.mg ) was purchased 
from New England Nuclear (Dreieich, F.R.G.). All other chemicals were 
analytical grade and obtained from commercial suppliers. 
RESULTS 
Effect of Cd on the plasma membrane Ca -pump 
2+ 
ATP-dependent Ca uptake in basolateral membrane vesicles from rat 
duodenum was extremely sensitive to Cd as shown in figure 1. An 
2+ 2+ 
apparent I50 value of 1.6 nM free Cd at 1 μΜ free Ca can be derived 
2+ from the data. A further kinetic analysis of Cd inhibition of 
2+ ATP-dependent Ca transport is shown in figure 2. The inhibition by 
2+ 2+ 
Cd is clearly competitive since the affinity for Ca decreased with 
62 
Increasing Cd 
(table 1). 
2+ concentrations while the Is not influenced 
ATP-deqcndenl Ca^ltanspOft 
( nmol/nwi mg protetti ) 
2· 
duodenun 
o m- 10-9 10" 
C d ^ M I 
FIG. 1. Inhibition by 
Cd2+ of ATP-dependent 
Ca * transport in 
basolateral plasma 
membrane vesicles of 
rat duodenum (BLMV). 
The points represent 
mean values ± SE of 1 
min uptakes at ΙμΜ 
free Ca2* from at 
least 5 experiments 
in duplicate. Signi­
ficance was tested 
with the Mann-Whitney 
U-test (χ: PK0.03). 
2+ TABLE 1. Influence of Cd on kinetic parameters of ATP-dependent 
- transport. Ca* 
2+ 
Cd concentr. Km' 
0 ( c o n t r o l ) 
1 0 " 9 M 
5 . Ι Ο " 9 M 
4 . 6 0 1 0 .40 
4 . 6 0 ± 0.57 
4 . 2 0 ± 0 . 9 6 
0.07 ± 0 .01 
0.36 ± 0 . 0 1 3 
2.25 ± 0 . 3 9 3 
12 
5 
5 
1) vmax i" ляіоі.шіл · (mg protein)' 
2) K
m
 in μΜ Ca2* 
3) Ρ < 0.05 
63 
2+ 
To find out whether the high affinity inhibition of Ca pumping 
ATPase by C d 2 + is typical for the intestinal Ca pump, we tested the 
effect of Cd on the Ca pump in renal basolateral membranes. The 
2+ 
results are shown in figure 3. As in figure 1, the renal Ca pump is 
inhibited by Cd with an apparent IJQ value of 1.8 nM at 1 μΜ free 
9+ 2+ 
Ca . Since we found a very similar I50 value for Cd inhibition of 
ATP-driven Ca uptake in a plasma membrane preparation of trout gill 
(chapter 4 ) , these results suggest that the ubiquitous plasma membrane 
2+ 2+ 
Ca pump has an affinity for Cd two orders of magnitude higher than for Ca 2+ 
10"" ми 3 
2+ FIG. 2. Lineweaver-Burk plots of Ca concentration dependence of 
ATP-dependent Ca transport in rat duodenal BLM vesicles at 
different free Cd concentrations. The points represent mean 
values of 1 min uptakes from 5 experiments. 
Cd2* and intracellular Ca2* stores 
It was recently demonstrated that permeabilized enterocytes 
2+ 
accumulate Ca when provided with ATP (Velasco et al., 1986; Van 
Corven et al., 1987; Ilundain et al., 1987). Discrimination between 
2+ 
ATP-dependent Ca uptake by mitochondrial and non-mitochondrial 
systems was made on the basis of the apparent half maximal activation 
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А Т Р - о ц я к к т C a 2 * tiansport 
С imd/mn mg proton 1 
4 
0J 
10-9 и-е 
Cd2+IMI 
2+ 
.2+ FIG. 3. Inhibition by Cd of ATP-dependent Ca 
transport in basolateral 
plasma membrane vesicles 
from rat renal cortex. 
Conditions are as in 
figure 1. (x: P<0.02) 
2+ 2+ 
Ca concentrations of the respective systems. At 1.0 μΜ free Ca 
2+ 9+ 
mitochondrial Ca uptake represented 95% of total ATP-dependent Ca 
uptake as indicated by a 95Z inhibition of uptake by mitochondrial 
inhibitors; non-mitochondrial uptake accounts for a minor portion of 
2+ the total ATP-dependent Ca uptake as indicated by a 22Z inhibition of Ca 2+ ,2+ the ratio of the uptake by vanadate. At 0.1 μΜ free Ca 
2+ 
mitochondrial/non-mitochondrial Ca uptake is exactly reversed. 
Kinetic analysis of non-mitochondrial Ca uptake revealed a K,,, value 
of 0.1 μΜ Ca 2 + (Van Corven et al., 19Θ7). Mitochondria started to take 
up Ca 2 + at 0.3 μΜ free Ca 2 + (Van Corven et al., 1987). Therefore, we 
used 0.1 μΜ and 1.0 μΜ free Ca 2 + to study the effect of Cd 2 + on 
2+ 
non-mitochondrial and mitochondrial Ca uptake, respectively. 
The effect of Cd 2 + on ATP-dependent Ca 2 + uptake by permeabilized 
2+ 
enterocytes is shown in figure 4. Ca accumulation into intracellular 
2+ 2+ 
Ca stores is strongly inhibited by Cd . The apparent I50 values for 
2+ the non-mitochondrial and mitochondrial Ca stores seem to be 0.2 and 
0.5 nM Cd , measured at 0.1 and 1.0 μΜ Ca 2 + respectively. The 10-fold 
2+ 2+ 
higher sensitivity of the intracellular Ca stores for Cd stems from 
2+ the fact that Ca uptake studies into non-mitochondrial and 
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FIG. U. Inhibition by Cd2* of ÂTP-dependent Ca2+ uptake by permea-
bllized rat enterocytes. Uptake at O.l μΜ free Ca represents 
uptake in поп-mitochondrial stores. At 1.0 μΜ free Ca uptake is 
predominantly into mitochondria. Points represent mean values ± SE 
of 1 min uptakes from at least 4 experiments, (x: P<0.01). 
mitochondrial stores were carried out at Ca concentrations below V
m a x 
conditions, whereas with the plasma membranes Cd effects were studied 
DISCUSSION 
The present in vitro study indicates that Ca 2 + binding sites on 
2+ 
active Ca transport systems have an unprecedented high affinity for 
Cd +. The affinity for Ca 2 + of Ca2+-ATPases in plasma membranes and 
endoplasmic reticulum is around 100 nM (Ghijsen et al., 1982; Van 
Heeswijk et al., 1984; Van Corven et al., 1987; this study table I), 
,2+ but the I50 value for Cd* is about 1 nM at 1 μΜ free Ca 2 +. It is 
interesting to note that the voltage-dependent Ca2+-channel in 
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2+ synaptosomes has an affinity for Ca of 0.3 mM and an I50 value for 
Cd 2 + around 1 μΜ (Nachshen, 19Θ4). This comparison indicates that 
2+ 2 + 
extracellular as well as intracellular Ca binding sites on Ca 
2+ transport systems have affinities for Cd two orders of magnitude 
9+ 2+ 
higher than for Ca . In contrast, Ca binding sites on calmodulin and 
CaBP have equal affinities for Ca 2 + and Cd 2 + around 1 μΜ (Ingersoll and 
Wasserman, 1971; Suzuki et al., 1985; Flik et al., 1987). This 
2+ 2 + 
difference in Cd affinities of Ca binding sites on calmodulin and 
Ca2+-ATPase excludes the possibility that Cd 2 + inhibition of ATP-driven 
Ca transport is realized via Cd-calmodulin. This difference also 
indicates that Ca binding sites on calmodulin and CaBP are 
2+ 
structurally different from those on Ca -ATPases. In one study a 2+ 2+ 
non-competitive inhibition of calmodulin-dependent Ca /Mg -ATPase 
activity of erythrocyte ghost was reported by micromolar concentrations 
of Cd (Akerman et al., 1985). These authors noted that the free Cd 2 + 
concentration in the assay medium must be significantly lower than the 
total concentration added, due to complex formation with various 
2+ 2+ 
anions. But no estimation of the actual Cd and Ca concentrations is 
given by Akerman et al. In addition, these authors measured 
ATP-hydrolysis whereas we measured Ca translocation. Their different 
2+ 
results may be explained if Cd ions in the nanomolar range are 
2+ transported by the Ca -ATPase, while inhibition of ATP-hydrolysis 
2+ 
occurs at higher Cd concentrations as reported by Akerman et al. 
2+ (1985). However, results from a Cd transport study with human 
2+ 
erythrocyte membranes and fish gill BLM vesicles indicated that Cd is 
not actively translocated (unpublished results). This favors the thesis 
2+ 2+ 
that nanomolar concentrations Cd block ATP-driven Ca transport 
without being translocated and leaves unexplained the results of 
Akerman et al. 
2+ There is no information on the actual free Cd concentration in 2+ intestinal and renal cells after Cd exposure of rats. It is known 
2+ that Cd induces synthesis of metallothionein, MT, in these cells 
(Corradino and Fullmer, 1980; Cherian, 1980). MT's are low molecular 
weight proteins with an exceptionally high content of SH-groups with 
high affinity for metal ions (Cherian and Goyer, 1978). It was 
2 + 
suggested that MT's protect these cells against toxic effects of Cd 
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2+ (Cherian and Goyer, 1978). Cytosolic concentrations of Cd and MT's 
have not been reported so far. Therefore, it remains to be demonstrated 
whether Ca transport ATPases are also inhibited by Cd when MT's are 
present in the cytosol. 
2+ The results of the present study suggest that the basolateral Ca 
extrusion pathway is the most sensitive element in the transcellular 
9+ 2+ 
route for Ca in connection with Cd intoxication. It is therefore 
2+ likely that inhibition of intestinal Ca absorption is realized via 
competition between Ca2+ and Cd2+ for the Ca2+ binding site on the Ca2+ 
2+ 2+ 
pumping ATPase. At the same time Ca uptake into intracellular Ca 
stores is inhibited. Both events will eventually result in increased 
2+ 2+ 
free cytosolic Ca levels. Intestinal and renal cells employ Ca as 
an intracellular messenger (Donowitz and Welsh, 1986; Van Os, 1987). An 
2+ increase in cytosolic Ca reduces intestinal salt and water absorption 
2+ (Donowitz and Welsh, 1986). Since Cd also inhibits water transport in 
rat duodenum (Toraason and Foulkes, 1984), it is possible that an 
2+ 2+ 
increase in cell Ca mediates Cd inhibition of fluid absorption. For 
renal cells it was recently demonstrated that total cell Ca increased 
2+ 
after Cd administration to rats (Maitani et al., 1986). Also this 
effect of Cd can be explained by Cd interference with Ca pumping 
ATPases. 
2+ 2+ 
In conclusion, Cd administration may upset intracellular Ca 
2+ homeostasis in view of the extreme sensitivity of the Ca pumping 
ATPases in plasma membranes and endoplasmic reticulum. 
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Chapter 6 
CADMIUM INHIBITION OF THE ERYTHROCYTE Ca 2 + PUMP: 
A MOLECULAR INTERPRETATION 
ABSTRACT 
2+ The effects of cadmium on transmembrane Ca transport and on the 
2+ 
membrane permeability for Ca were studied in human erythrocytes. The 
2+ 2+ 
erythrocyte Ca pump is inhibited competitively by Cd via 
2+ interaction with the Ca transport site of the carrier and not via 
2+ interaction with its activator calmodulin. The affinity of the Ca 
pump for Cd 2 + is extremely high (KI-2.0 nM C d
2 + ) . Cd 2 + (< 10" 4 M) does 
2 + 
not alter the membrane permeability for Ca . We conclude that the 
2+ primary mechanism in the toxic action of Cd is the inhibition of 
2+ 2+ 2+ 
Ca -ATPase mediated Ca extrusion. As a result Cd disturbs 
intracellular Ca homeostasis and may increase cytosolic Ca (Ca j) 
to toxic levels. 
P.M. Verbosi, G. Flik, P.К.T. Pang, R.A.C. Lock, and S.E. Wendelaar 
Bonga. Submitted for publication 
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INTRODUCTION 
Cadmium, reputed for its toxicity, has become widely distributed in 
the environment as an industrial waste. The mechanism of Cd toxicity is 
incompletely understood although a specific interaction with the 
cellular calcium (Ca) metabolism has been indicated. Several cellular 
Ca acceptors are Cd targets as well. The similar behavior of Ca 
and Cd with regard to e.g. calmodulin (Teo and Wang, 1973; Forsen et 
al., 1980; Andersson et al., 1982; Flik et al., 1987) has been 
2+ 2+ 
attributed to a comparable charge and ionic radius of Ca and Cd 
(Chao et al, 1984). However, Cd2+ blocks voltage dependent Ca2+ 
channels (Lee and Tsien, 1983; Nachshen, 1984), inhibits Na /Ca 
exchange processes (Trosper and Fhilipson, 1983), and impedes the 
2+ plasma membrane Ca pump (Akerman et al., 1985; Scott et al, 1985; 
chapters 4 and 5). 
2+ In vivo, Cd poisoning results in anemia as a result of increased 
erythrocyte clearance (Kunimoto et al., 1986). An important Indicator 
2+ 2+ 
for Cd poisoning is an increase in Ca ¿. Incubation of erythrocytes 
2+ 
with Cd (0.5 mM for 1 h) accelerates age-related changes of the 
cells, such as increased cell density, loss of discoidal shape and 
decreased filterability (Kunimoto et al., 1985). The same changes can 
be induced by calcium-loading of the cells (Shiga et al., 1985). Scott 
et al. (1985) have shown that Cd exposure increases Ca 
2+ 
accumulation by lymphocytes, but not as a result of enhanced Ca 
influx. The authors related the increased accumulation of Ca to an 
inhibition of the Ca -pump by Cd . Accumulation of Cd in human 
platelets resulted in increased protein phosphorylation (Pezzi and 
2+ Cheung, 1987) which may well be ascribed to an increase in Ca ±. 
2+ 2+ 2+ 
Cd may increase Ca ^ by enhancing the Ca permeability of the 
cell membrane (Plishker, 1984) or by inhibiting the Ca2+ pump (Scott et 
9 . 2 + 
al., 1985). At least two mechanisms of Ca pump inhibition by Cd may 
2+ be anticipated, viz. by interaction with the Ca transport site of the 
2+ ATPase or by interaction with the Ca binding sites of its regulator 
calmodulin. 
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Erythrocyte membranes were used in this study because the 
2+ 
maintenance of low free intracellular Ca in these cells is achieved 
merely by a calmodulin-dependent Ca2+/Mg2+-ATPase (Sarkadi, 1980). 
Buffers containing ethylene glycol bisdJ-arainoethyletheO-N.N.N',Ν'-
tetraacetic acid (EGTA), N-(2-hydroxyethyl)-ethylenediamine-N,N',Ν1-
triacetic acid (HEEDTA), and nitrilotriacetic acid (NTA) were used in 
2+ the vesicle Ca transport study, to define the physiologically active 
2+ 2+ free Ca and Cd concentrations in the assay media. 
MATERIALS AND METHODS 
Preparation of ghosts 
Ghosts were prepared according to Schatzmann (1973) with minor 
modifications; the medium for hemolysis contained IS mM KCl, 4 mM 
MgCl2, 10 mM sucrose, 10 mM Tris-HCl, pH 7.4. 1 mM EGTA was added to 
this hemolyzing medium if ghost had to be loaded with EGTA. The 
osmolarity of the hemolysis medium was 60 mOsra.1 
The membrane orientation was determined according to Steck and Kant 
(1974). The ghost preparation was 8.7 ± 3.02 inside-out orientated (10) 
and 87.3 ± 2.8X rightside-out orientated (R0)(n-9). Preparation of 
ghosts in the presence of 1 mM EGTA had no effect on the membrane 
resealing or orientation: 6.5 ± 3.6% was 10 and 88.2 ± 2.8X was RO 
(n-3). 
Preparation of vesicles 
Resealed inside-out membrane vesicles (I0V) were prepared from 
freshly collected human blood, according to Sarkadi et al. (1980). 
Sodiura-heparin was used as an anticoagulant (100 lU.ml ). The vesicle 
preparation used in these studies was 52.3 ± 10.2 X I0V and 39.0 ± 12.9 
X (n-7) ROV. 
¿e 2+ 
Ca accumulation in ghosts 
45 2+ Before the Ca accumulation experiments, ghosts were washed and 
resuspended in incubation medium (126.5 mM NaCl, 5.4 mM KCl, 0.4 mM 
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MgSO^,, 20 гаМ Hepes/Tris, pH 7.4) to obtain a protein concentration of 
3.15 ± 0.67 corresponding to 25.7 ± 4.5% haematocrit (n-14). After 
prewarming this suspension to 3TC, Ca uptake was started by adding 
4 5Ca (1 χ 105 Bq.ml - 1). СаСІ2 (final concentration 0.42 mM) and 
Са(МОз)2 as required. Sequential 100 μΐ samples were taken and mixed 
with 2 ml ice-cold stopbuffer containing 150 mM NaCl, 20 mM Trizma pH 
7.2, and 1 mM ЬаСІз· After centrifugation (10 min, 1200 χ g) the 
supernatant was removed by suction. Variation in the amount of protein 
per sample, collected by centrifugation was constant (deviation 6.2 ± 
1.5 X n-28). The pellet was lysed in 300 μΐ water and transferred to a 
counting vial. 
2+ Ca transport assay 
Vesicles were resuspended in 150 mM KCl, 1.5 mM MgCl2, 20 mM 
Hepes/Tris pH 7.4. Ca transport into membrane vesicles was determined 
using a rapid filtration technique (Van Heeswijk et al., 1984). The 
content of membrane vesicles in suspension was determined on the basis 
of protein concentration, determined with a Coomassie blue kit with 
bovine serum albumin as standard (Bio-Rad). Media and assay conditions 
2+ 2+ 2+ are described in detail in chapter 4. Free Ca , Cd and Mg 
concentrations were calculated with a matrix computer program (Van 
Heeswijk et al., 1984) taking into account the first and second 
protonations of the respective ligands (ATP, EGTA, HEEDTA, NTA). The 
binding constants were taken from Sillen and Martell (1964) except the 
one for Cd-ATP (Кд - 5.43 M ) which was determined in our laboratory. 
2+ ATP-driven Ca transport in plasma membrane vesicles was determined as 
2+ the difference of Ca retained in the presence and in the absence of 
ATP. In all kinetic studies initial velocities were determined from 1 
2+ 
min incubations. Under all conditions Ca transport followed 
Michaelis-Menten kinetics. Kinetic parameters were derived from best 
fits of the curves using a non-linear regression data analysis program 
(Leatherbarrow, 1987). 
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RESULTS 
2+ Ca accumulation in ATP depleted, erythrocyte ghosts plateaus 
2+ -1 
within 5 min at around 15 nmol Ca .(mg protein) (figure 1). Loading 
2 + 
with EGTA does not affect Ca accumulation. Permeation of the ghosts 
2+ 1 
with the Ca -ionophore Аззів? O O pg.ral ) increases the amount of 
45 2+ 9+ 
^^Са' accumulated, showing that a Ca* gradient (high outside, low 
inside) is conserved during the experimental period of 60 min. C d 2 + 
levels up to 0.1 mM have no effect on the C a 2 + accumulation, 1.0 mM 
2+ Cd significantly inhibited the accumulation. 
ÄE 20 
25 
E 
10-
г' 
- - · coni col 
- ν OOlmM Cd2*" 
- O D I mM [ d 2 + 
- • 1 0 mM Cd2* 
VA 30 " 60 
t i m e (mini 
FIG. 1. Ca2* accumulation in ghosts. Means ± SD are given of 
experiments in duplicate for six different membrane preparations. 
4 , 
The rate of ATP-dependent Ca* transport determined in membrane 
vesicles was constant for at least 2 min. At 15 min 95 nmol C a 2 + per mg 
protein had accumulated. Addition of A23187 (10 μg.ml" 1) induced 
release of Ca accumulated in the membrane vesicles by the ATP-driven 
process (inset figure 2). 
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4 6 
rate/[Ca2+]-107 
FIG. 2. ATE dependent 
SCa** transport in 
vesicles. Ca transport 
versus time in the inset 
(n-3); Eadle-Hofstee plots 
of Ca transport with 
(n-4) or without (n-7) 
exogenous calmodulin. 
Means ± SD are given. 
2+ The maximum transport velocity of the Ca transporter (νπιβχ) w a s 18.8 
±1.2 nmol Ca2+.min~1.(mg protein)-1 (or 35.9 nmol Ca2+.min"1.(mg IOV 
protein)-1) and an affinity (Кд) for Ca 2 + of 0.48 ± 0.10 μΜ was 
observed. 
The IOV isolation method used (Sarkadi et al., 1980) yields 
calmodulin depleted membrane vesicles. Calmodulin repletion (10 μ§. 
ml - 1) increased the V
m a x
 by 1402, but did not effect the K^ for Ca 2 +. 
Thus, calmodulin exclusively stimulates the maximal transport velocity 
2+ of the Ca pump, an observation in line with that of other researchers 
using Ca-EGTA buffers (Sarkadi, 1980). 
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FIG. 3. Cd2* inhibition of 
Ca2+ transport. Ca2* 
transport 
maximally 
is half-
inhibited at 
6.06 ± 1.72 nM Cd2*. 
Points marked with an 
asterisk are significantly 
different from the control 
value. Means ± SE are 
given (n-7). 
C a 2 + transport tnmolCa2+/min mg prolein) 
-f 0 0.1 1 10 
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D 2.5ПМ C d 2 + 
* 5 nM C d 2 + 
^ s nM Са2\Ш 
controi-ï·'·^^ 
С а М ^ ^ 
1 2 3 
r a t e / [ C a 2 + M 0 7 
FIG. 4. Kinetic analysis 
2+ 
of the Ca pump inhibi­
tion by Cd2*. Means ± SD 
are given (n = 4 to 7). 
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In a medium in which Ca Z + is buffered to 1 μΜ Ca , Ca transport 
is half-maxiroally inhibited at 6.06 ± 1.72 nM Cd 2 + (figure 3). At all 
2+ 9 + 
Cd concentrations above 1 nM (no effect level) Ca transport was 
significantly inhibited. 
2+ 2+ 
Cd did not effect the V
m a x
 of Ca' transport but significantly 
2+ increased the Кщ for Ca , both in the absence and in the presence of 
calmodulin (figure 4). This increase was linear from 1 nM to 5 nM Cd 
which defines the inhibition as competitive. 
5. FIG. ,. к
ш 
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In figure 5 the apparent K,,, for Ca 2 + is plotted versus medium Cd 2 + 
concentration (a plot of data obtained from figure 4). From this plot a 
Kj value of 1.9 nM Cd 2 + was derived (Segel, 1975). 
DISCUSSION 
Erythrocyte, ATP-driven transmembrane movement of Ca proved 
extremely sensitive to Cd 2 +. The K! for Cd 2 + is 100 times as low as the 
Kn, for Ca . This Kj indicates the involvement of thiol groups in Ca 2 + 
transport. Thiol groups are known to have a high affinity for Cd2*. The 
76 
pKd for single sulfhydryl groups is 7.6 (Aylett 1979) and the pK¿ for 
2 + 
metallothioneins in which 1 Cd is bound by 3 to 4 sulfhydryl groups 
is about 17; Kägi and Vallee, 1960). Indeed, the DNA sequence of the 
Ca -ATPase from rabbit muscle sarcoplasmic reticulum (MacLennon et 
2+ 
al., 1985) predicts that the Ca binding site contains a SH-group. 
9+ 2+ 
Hepatocyte microsomal Ca sequestration (which is Ca -ATPase 
mediated) is critically dependent on protein sulfhydryl groups and 
modification of protein thiols may be an important mechanism for the 
2+ inhibition of microsomal Ca sequestration by a variety of toxic 
2+ 
agents (Thor et al., 1985). Although the Ca pumps of the plasma 
membrane and of the endoplasmic or sarcoplasmic reticulum are 
immunologically distinct (Sarkadi et al., 1988), we postulate that a 
2 + 
conserved Ca binding region makes these systems equally sensitive to 
2+ Cd-inhibition. Indeed, we observed that Ca sequestration in 
endoplasmic reticulum and Golgi apparatus of rat duodenal cells (a 
2+ process dependent on a similar Ca -ATPase as found in plasma membranes 
2+ 
of rat duodenum; Van Corven et al., 1986) is as sensitive to Cd as 
2+ 2 + 
the plasma membrane Ca pump (chapter 5). We conclude that for Cd 
2+ intoxication membrane Ca pumps are the most sensitive membrane 
transport system described thus far. 
2+ One could argue that Cd affects the membrane integrity instead of 
2+ 
inhibiting Ca transport in membrane vesicles. High concentrations of 
2+ 2+ 
Cd may increase the permeability to Ca of plasma membranes of 
erythrocytes and hepatocytes (Plishker, 1984; Sorensen et al., 1985). 
However, from our experiments such an effect appears unlikely: the 
2+ 
membrane permeability for Ca in ghosts is not influenced by up to 0.1 
mM Cd . Moreover, at 1.0 mM Cd , ^ 5Ca^+ accumulation was inhibited 
rather than enhanced as one may predict when Cd increases the 
membrane permeability for Ca . Competition of Cd with Ca could be 
responsible for this observation. 
We have at least three reasons to conclude that the inhibition is 
2+ 
not through calmodulin. First, although Cd activates calmodulin 
(Forsen et al., 1980; Andersson et al., 1982; Chao et al., 1984) and 
2+ 
may stimulate Ca - and calmodulin-dependent enzymes (Suzuki et al., 
2+ 1985), such an interaction seems unlikely on the erythrocyte Ca pump. 
2+ 2+ As the affinity of calmodulin for Ca and Cd in vitro is in the μΜ 
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range (Suzuki et al., 1985; Flik et al., 1987) and the Cd 2 + 
2 + 
concentration in our media at least a 100 times lower than the Ca 
concentration, the formation of Cd-calmodulin complexes will be 
2+ 2+ 
insignificant. Secondly, indirect inhibition of the Ca pump, via Cd 
binding to calmodulin is unlikely since the inhibition is competitive, 
2+ 
and stimulatory effects of Cd on calmodulin would have affected the 
V
m a x
. Thirdly, at 5 nM Cd 2 + (inhibiting Ca 2 + transport in calmodulln-
depleted membrane vesicles by 40-50%) calmodulin repletion has 
2+ 
stimulatory effects on I0V Ca transport. The same V
m a x
 is observed 
2+ 2+ 
for calmodulin stimulated Ca transport whether Cd is present or 
2+ 
not. Thus, a binding site for Cd other than on calmodulin is 
2+ 2+ 
involved. We therefore conclude that Cd inhibits Ca transport by 
2+ 2+ 
competing with Ca for the Ca binding site of the enzyme. 
In several studies (Akerman et al.,1985; Mazzei et al., 1984; Suzuki 
et al., 1985; Flik et al., 1987) it was concluded that Cd 2 + exerts its 
toxic action by upsetting calmodulin dependent enzyme systems by 
2+ binding to calmodulin. Micromolar concentrations Cd are required in 2+ 
vitro to obtain significant activation of calmodulin by Cd , (e.g. 
induction of tyrosine fluorescence, stimulation of phosphodiesterase). 
2+ Obviously, the unprecedented 1000-fold higher affinity for Cd of the 
2+ 2+ 
membrane Ca pump makes this enzyme the 'roost sensitive Cd target' 
2+ in a cell exposed to Cd . 
2+ 2+ 
The conclusion that the Cd inhibition of the Ca pump is 
calmodulin-lndependent has important consequences for the extrapolation 
to in vivo conditions. At the resting Ca ^ (< 0.1 μΜ) most of the 
2+ 
calmodulin is dissociated from the erythrocyte Ca pump (Foder and 
Scharff, 1981). As we have shown here, the pump may still be inhibited 
9+ 2+ 
by Cd at this Ca ¿, Yet, a subsequent calmodulin stimulation, 
2+ 
resulting from a rise in Ca ,^ may give a partial restoration of low 
2+ 2+ 
Ca ^ as inhibition by Cd of the enzymic activity does not preclude 
activation of the enzyme by calmodulin. For a full understanding of 
2+ these processes it is necessary to monitor Ca j during Cd exposure. 
2+ However, this research has proved difficult since Cd interacts with 
2+ the well known Ca probes quin2, fura-2 and indo-1 (personal 
observations; R.Y.Tsien personal communication). 
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Chapter 7 
GENERAL DISCUSSION 
У* 2+ 
A model for Cd inhibition of transepithelial Ca transport 
As the most important result of the present study we consider the 
2+ 2+ 
observation that nanomolar concentrations Cd inhibit Ca pumps in 
plasma membranes (chapters 4, 5 and 6) and intracellular organelles 
2+ 2+ 
(chapter 5). This finding and the observations that Cd inhibits Ca 
2+ 
uptake in fish gills, and that Cd apparently enters branchial cells 
2+ 2+ 
via Ca -channels (chapters 2 and 3), led to a model for Cd 
2+ inhibition of Ca transport, which may be of general significance for 
2+ 2+ 
Ca transporting epithelia. The model (fig. 1) proposes that Cd 
freely enters and subsequently accumulates into the ion-transporting 
cells of the epithelium. On the basis of data on rat intestine - to be 
2+ discussed below - it is assumed that Cd is not bound to CaBF but 
primarily to other proteins that have a specific and high affinity for 
2+ 2+ 
Cd . As soon as nanomolar concentrations of free Cd are reached in 
2+ 2+ 2+ 
the cytosol, Ca extrusion by basolateral Ca pumps and Ca 
sequestration by intracellular stores will be inhibited via direct 
2+ 2+ 2+ 
action of Cd on the Ca pumps and on mitochondrial Ca uniporters. 
2+ This inhibition of Ca extrusion will cause a rise in intracellular 
Ca (Ca ι) which in turn will result in a decrease of the apical Ca 
flux into the cells. 
2+ The model also predicts the mode of translocation of Cd across the 
basolateral membrane (chapter 4). Because we obtained no evidence for 
an active (ATP mediated) translocation, and because the transepithelial 
2+ Cd flux in fish gills is too high to be explained by diffusion 
through a pure phospholipid bilayer, some mechanism of facilitated 
2+ diffusion seems likely. Since Cd is not translocated at the expense 
2+ 2+ 
of ATF and because it inhibits the Ca pump, we conclude that the Ca 
2+ ATPase is not involved in Cd translocation. 
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In the following sections we will discuss this model in detail and 
evaluate its significance for our understanding of cadmium toxicity. 
FIG. 1. Model for Cd2+ inhibition of transepithelial Ca2+ 
2+ 2+ 2+ 
transport. Ca and Cd enter the epithelial cell through Ca -
channels in the apical membrane. Ca mainly binds to CaBP 
2+ 2+ 
involved in Ca transport. Cd binds mainly to other proteins, 
CdBP. As soon as ionic Cd occurs in nanomolar concentrations in 
2+ 2+ 
the cytosol, Ca extrusion by the Ca pumps in the plasma 
membrane and Ca sequestration by the Ca stores is inhibited. 
As a result the Intracellular Ca concentration (Ca ^) rises, 
which subsequently causes closure of apical Ca -channels. The 
fish hormone hypocalcin is effective through closure of Ca -
channels in fish gills and prevents Ca and Cd influx in fish. 
Cd translocation through the basolateral membrane involves a yet 
unknown mechanism of facilitated diffusion. 
m « mucosa 
s - serosa 
····•>> ш indirect effect 
2+t 2+ 
Ca | - increased Ca ¿ concentration 
> - inhibitory effect 
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2+ 2+ 
II. The mechanism of Inhibition by Cd of active Ca transport 
systems 
2+ 
a. Ca pumps of plasma membrane 
In three different plasma membrane preparations, namely from fish 
gill, rat intestine and human erythrocytes, we showed that nanomolar 
2+ 2+ 
concentrations Cd inhibit the plasma membrane Ca pump in a 
competitive way (chapters 4, 5 and 6). Our results do not show any 
2 + 
effect of nanomolar concentrations Cd on the membrane permeability of 
2 + the vesicle preparations. Cd may, however, increase membrane 
permeability for Ca at micromolar concentrations (Plishker, 1984; 
Sorensen et al., 1985). In our in vitro experiments an increase in 
2+ 
membrane permeability would have caused leakage of accumulated Ca 
from the vesicles, which could falsely have been interpreted as 
transport inhibition. Treatment of vesicles with the unspecific 
poreformer melittin (e.g. John and Jähnig, 1988) produced a decrease in 
2 + 
apparent V m a x as a result of leakage accumulated Ca (unpublished 
2+ 
results). However, the V m a x of vesicular Ca transport was not 
affected by Cd2+. 
Several observations, when taken together, seem to exclude an 
2+ involvement of calmodulin in the interaction of Cd with the plasma 
membrane Ca pump. First, Cd inhibition of Ca transport proved 
2+ 2+ 
strictly competitive for Ca indicating that Cd interferes with the 
2+ Ca -site on the enzyme. Manipulation of the calmodulin content of the 
2+ 
membranes always leads to a change in the V m a x of the Ca -transporter. 
2+ Secondly, the competitive inhibition by Cd was observed both in the 
presence and in the absence of calmodulin in the membrane preparation 
as shown by our erythrocyte studies (chapter 6). Thirdly, the 
2+ 
concentration of Cd in our experiments was about 1000 times lower 
2+ than the 1^ value of calmodulin for Cd (chapters 4, 5 and 6), 
excluding the formation of significant amounts of Cd-calmodulin 
2+ 
complexes. Moreover, we never observed activation of Ca transport on 
2+ 2+ 
addition of Cd as one would predict when Cd activates the 
stimulatory calmodulin. 
2+ Many enzymes are stimulated at low and Inhibited at high Cd* 
concentrations in vitro (Vallee and Ulmer, 1972; Mazzel et al., 1984). 
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The stimulatory effect has often been attributed to activation of 
calmodulin by Cd 2 + (Chao et al., 1984; Mazzel et al., 1984; Scott et 
al., 1985; Suzuki et al., 1985; Flik et al., 1987). The biphasic 
2 + pattern is explained as follows. Low concentrations of Cd may fully 
in­
activate calmodulin at suboptimal concentrations of Ca and thus would 
2+ lead to a disturbance of vital Ca -regulated cellular functions. 
However, there is no direct evidence for such a mechanism of enzyme 
2+ 2+ 
activation by Cd so far. High concentrations of Cd would inhibit 
basal (calmodulin-independent) enzyme activity by direct interaction of 
the metal with these enzymes (Chao et al., 1984). Although our results 
do not exclude that calmodulin may be stimulated at low concentrations 
2+ 2+ 
Cd , they show, more importantly, that the Ca pump is inhibited at 
2+ 
concentrations Cd far below those needed to stimulate calmodulin. The 2+ toxic effects of low concentrations Cd in the cell are therefore best 
2+ 
explained by Ca pump inhibition rather than by stimulation of 
2+ 
calmodulin by Cd . 
Sulfhydryl groups from cysteines are the only protein components 
2 + known to have a very high stability constant for the binding of Cd . 
2+ 2 + 
The high affinity of the plasma membrane Ca pump for Cd , therefore, 
2+ 
suggests the presence of a SH-group in the Ca binding site of the 
pump. There are reports supporting this suggestion. For instance, 
2+ 2+ 
active Ca transport mediated by Ca ATPases in plasma membranes from 
hepatocytes appears to depend on free sulfhydryl groups (BeHomo et 
al., 1983; Nicotera et al., 1985). SH-dependence has also been 
2+ 2+ 
demonstrated for the Ca pump in non-mitochondrial intracellular Ca atore , s will be discussed below. We t erefore suggest that the 
2+ 
sensitivity of the Ca pumps foi 
2+ functional SH-groups in the Ca site. 
2 + 
sensitivity of the Ca pumps for Cd is due to the presence of 
2+ 2+ 
b. Ca pumps of non-mitochondrial Ca stores 
2 + In both intestinal and renal cortical cells the Ca pumps of plasma 
membranes and of membranes of non-mitochondrial (E.R., Golgi) 
intracellular stores have almost identical affinities for Ca (Кщ -
0.1 μΜ; Van Os et al., 1988), indicating similar Ca 2 + binding sites. 
2+ Our results show that Ca sequestration in non-mitochondrial stores of 
2+ intestinal cells is inhibited at Cd concentrations that also impaired 
82 
2+ 
plasma membrane Ca pumps (chapter 5). In analogy with the plasma 
2+ 2+ 
membrane Ca pump this suggests the presence of SH-groups in the Ca 
2+ pump of non-mitochondrial stores. Dependence on free SH-groups of Ca 
transport has been reported for endoplasmic reticulum in hepatocytes 
(Moore et al., 1975; Thor et al., 1985) and also for sarcoplasmic 
reticulum membranes of skeletal muscle (Hasselbach and Seraydarian, 
2+ 1966). The сDNA sequence of the Ca ATPase of rabbit muscle 
2+ 
sarcoplasmic reticulum provides good evidence that the Ca binding 
2+ 
site contains a SH-group (MacLennon et al., 1985). However, the Ca 
pump in endoplasmic reticular membranes is clearly distinct from the 
one in plasma membranes in that it has a different molecular weight and 
2+ 
may not be calmodulin dependent (e.g. renal ER Ca pumps, Parijs et 
al., 1985; see review by Van Os, 1987). It follows from our experiments 
with erythrocyte membranes and plasma membranes from fish gill and rat 
intestine that calmodulin-dependency will have no influence on the 
sensitivity of the Ca pump for Cd , as the Ca site of the enzyme 
is directly affected and not calmodulin. 
2+ 
c. Ca uniporters of mitochondria 
In mitochondria the electrochemical proton-gradient across the inner 
2+ 
membrane provides the driving force for the uptake of Ca from the 
2+ 
cytosol. The membrane translocation is realized via a Ca uniporter. 
2+ In our in vitro assay system (chapter 5) mitochondrial Ca uptake is 
determined in the absence of substrate for oxidative phosphorylation 
and under more or less anaerobic conditions. Under those conditions the 
mitochondrial H -ATPase, which normally generates ATP, works in a 
reversed way and uses ATP to generate a proton gradient (.e.g. Nicholls, 
2+ 1981). ATP-dependent Ca storage by intestinal mitochondria was 
2+ inhibited by nanomolar concentrations Cd , which suggests an effect of 
Cd on the Ca uniporter, on the H+-ATPase, or on both. The I50 for 
mitochondrial Ca 2 + uptake (0.5 nM at 1.0 μΜ Ca2*) indicates a high 
2+ 2+ 
affinity for Cd and thus the involvement of SH-groups in the Ca 
uptake process. Indeed, H + exchange by mitochondrial H+-ATPase as well 
2+ 
as calcium transport via Ca uniporters have been reported to depend 
on functional free SH-groups (Huang et al., 1985; Chavez et al., 1985). 
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2+ Although we conclude that sensitive targets for Cd contain SH-
groups, it is not justified to conclude that all enzymes dependent on 
2+ functional SH-groups are also highly sensitive to Cd . The affinity 
for Cd of sulfhydryl groups of a protein is clearly affected by the 
stereochemistry of the protein and by neighboring groups (Jacobson and 
2+ Turner, 1980). For instance, a tendency toward enhanced binding of Cd 
is seen in peptides that contain several cysteine residues (Jacobson 
2+ 
and Turner, 1980). Therefore, kinetic studies of the effects of Cd on 
enzymes are necessary before conclusions regarding the metal's toxicity 
for these enzymes can be drawn. 
2+ 2+ III. Effects of Cd on Ca homeostasis 
2+ Our model for Cd inhibition of epithelial transport allows 
important extrapolations to explain the physiological disturbances 
after Cd-exposure reported in the present study and in literature. This 
2+ 
will be discussed in this section for Ca transporting epithelia and 
for non-epithelial cells. 
a. Cd 2 + inhibition of Ca 2 + transport in fish gills 
Freshwater fish exposed to submicromolar concentrations Cd in the 
water, develop hypocalcemia (Giles, 1984; Haux and Larsson, 1984; Fu et 
al., 1989). For their calcium demands freshwater fish mainly depend on 
their branchial Ca 2 + uptake (Mugiya and Ichii, 1981; Flik et al., 
2 + 1985a). The obvious explanation for Cd induced hypocalcemia would, 
2+ therefore, be an inhibition of branchial Ca uptake, and this 
explanation turned out to be realistic. Cd in the water (0.1 - 1.0 μΜ) 
inhibits Ca 2 + influx without affecting Ca 2 + efflux (chapter 2). This 
observation has recently been confirmed by Reid and McDonald (1988). 
The action of Cd Z + seems specific for Ca since Na + influx is not 
2+ influenced at the same Cd concentration (chapters 2 and 3). 
2+ We subsequently examined the mechanism of Ca influx inhibition. 
2+ Branchial Ca influx has been shown to be a transcellular process: 
2+ passive cell entry via Ca -channels, diffusion through the cytosol and 
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active Ca extrusion into the blood (Flik et al., 1985a; Perry and 
Flik, 1988). Ca2+ influx into branchial cells is not instantly 
inhibited upon Cd exposure (chapter 2). It was furthermore 
2+ demonstrated that Cd enters the epithelial cells, most likely via 
2+ Ca -channels in the apical membrane (chapter 3). No data are available 
2+ 2+ 
on affinities of branchial CaBP for Cd and for Ca . However, we 
assume that the CaBP, containing Ca-binding domains as occur in 
calmodulin (homologous 'EF hand' regions; Kretsinger, 1980) have a 
2+ 2+ 
similar affinity for Cd and Ca as in rat enterocytes. Consequently, 
Cd2+ will bind tighter to proteins with higher Cd2+-affinity than CaBP 
2 + 
and does not interfere with Ca uptake by affecting intracellular 
CaBP. This is in analogy with the conclusion that inhibition of rat 
2+ 2+ 
intestinal Ca transport is not caused by Cd bound to CaBP but by 
2+ 
some other still unknown factor (see below). The basolateral Ca pump 
2+ 2+ 
has a high affinity for Cd and we conclude, therefore, that Cd 
2+ inhibits transcellular Ca transport by inhibiting this pump. 
2+ Our model predicts that Cd accumulation continues until nanomolar 
concentrations have been reached in the branchial cells. From that 
2+ 2+ 
moment on, Ca pump inhibition would lead to a rise in Ca ^ which in 
2+ turn results in a closing of Ca -channels in the apical membrane. Our 
2+ data support the thesis that Cd freely enters the branchial cell via 
2+ 2+ 
the apical Ca -channels as long as transepithelial Ca influx has not 
been affected (chapter 3). We demonstrated that the onset of inhibition 
of whole body Ca2+ influx coincides with an inhibition of Ca2+ and Cd 
flux into the epithelial cells (chapter 3). An explanation for this 
2+ finding is that a presumed rise in Ca ^ serves as a feedback signal to 
2+ 
control Ca entry at the apical membrane, thus preventing the cell 
2+ from being flooded with Ca . Such a control function, which is 
2+ + 
analogous to the function of Ca ^ in the control of Na influx via 
amiloride sensitive Na+-channels in Na+ transporting epithelia (Schulz, 
1981; Windhager and Taylor, 1983) has also been suggested for Ca2+ 
influx in mammalian intestine (Van Os, 1987). Our observation that 
+ 2+ 
branchial Na fluxes are not influenced by the Cd concentrations 
+ 2+ 
tested indicates that Na does not enter the cells via Ca -controlled 
+ 2+ 
pathways or that apical Na and Ca transport have different 
thresholds for blockage by Ca . The basolateral Na+/K+-ATPase, which 85 
is the driving force for Na + uptake in gills, is inhibited by 
2+ 
micromolar concentrations Cd in vitro (e.g. Diezi et al., 1988). 
2+ Thus, the concentration of free cytosolic Cd in the gills must have 
been in the submicromolar range, as already discussed in chapter 3. 
This notion argues against a calmodulin mediated toxicity mechanism for 
Cd in vivo. Since the Кщ of calmodulin for Cd is in the micromolar 
range (Kd of 4.5 μΜ; Suzuki et al., 1985; Flik et al., 1987), cytosolic 
Cd concentrations below this level will not result in significant 
2+ binding of Cd to calmodulin. 
2+ 2+ 
b. Cd inhibition of Ca transport in mammalian intestine and 
kidney 
Rats fed a Cd containing diet eventually show impeded bone 
calcification. In these animals the rate of absorption of calcium from 
the gastrointestinal tract and the reabsorption of calcium by the 
2+ kidneys is inhibited (Ando et al., 1977). Transcellular Ca transport 2+ in the intestine and kidneys comprises passive Ca entry across the 
2+ brush-border membrane, diffusion of Ca through the cytosol mediated 
2+ by Ca -binding proteins (CaBP's), and ATP-driven extrusion across the 
2 + basolateral plasma membrane (see review by Van Os, 1987). Since Cd 
exposed organisms seem to have lost their control over intestinal 
2+ 2+ 
uptake and renal reabsorption of Ca , an effect of Cd on the active 
2+ Ca uptake in intestine and kidneys is indicated. Indeed, inhibitory 
2+ 
effects of dietary Cd on vitamin-D-stimulated Ca transport in the 
intestine have been observed (e.g. Ando et al., 1981). The question 
arises which steps of the Ca 2 + influx route are affected by Cd 2 + and 
which is the most sensitive one. 
Although Ca 2 + influx into intestinal cells is inhibited by Cd 2 +, 
2+ this process has a rather low Cd sensitivity (Hamilton and Smith, 
1978; Toraason and Foulkes, 198A). It has furthermore been demonstrated 
2+ that Cd enters the enterocytes (Toraason and Foulkes, 1984). These 
observations indicate that processes other than the apical entrance of 
Ca 2 + are affected by Cd 2 +, namely cellular Ca 2 + buffering and/or Ca 2 + 
2+ 2 + 
extrusion. CaBP's have a similar affinity for Cd and Ca (Corradino 
and Fullmer, 1980; Fullmer et al., 1980; Richardt et al., 1986). 
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2+ 
However, Ando and Matsui (1987) concluded that binding of Cd* to CaBP 
2+ 2+ 
could not account for the inhibition of Ca* transport by Cd as they 
2+ demonstrated that Cd mainly binds to cytosolic proteins other than 
2+ the vitamin D-dependent CaBP. Nevertheless, one could argue that Cd 
might inhibit CaZ+ transport indirectly, by inhibition of vitamin-D3 
synthesis. However, this explanation seems unlikely as the 
concentration of serum vitamin-D3 in Cd-exposed rats is always higher 
than in control rats (Ando et al., 1987). This leaves the Ca2+ 
2+ 
extrusion mechanism as the most important target for Cd . Direct 
2+ 2+ 
information on Cd interference with the Ca pumping ATPase in the 
basolateral membrane of the intestinal cell is not available. Our in 
2+ 2+ 
vitro study on the effects of Cd on ATP-dependent Ca transport 
2+ 2+ 
(chapter 5) indicates that Ca binding sites on the active Ca 
transport systems in plasma membranes is inhibited by nanomolar 
2+ 2+ 
concentrations of Cd . We concluded that a Cd -induced decrease of 
2+ intestinal Ca transport is caused by inhibition of the basolateral 
2+ 2+ 
Ca pump (chapter 5). This inhibition of the Ca pump may not only 
2+ 
explain the inhibition of Ca absorption but also that of water 2+ transport in duodenum of Cd exposed rats (Toraason and Foulkes, 
1984). Reduction of intestinal salt and water absorption is known to be 
2+ 
mediated by an increase in Ca | (Donowitz and Welsh, 1986). When the 
2+ 2+ 
Ca pump systems are indeed inhibited by Cd one may predict a rise 
2+ 2+ 
in cytosolic Ca . Also the observed inhibition of Ca sequestration 
2+ in intracellular organelles by nanomolar concentrations Cd (chapter 
2+ 2 + 
5) would favor a rise in Ca ^ upon Cd influx. 
In the kidneys the situation is somewhat different. Epithelial cells 
2+ 
of the proximal tubules absorb Cd mainly as a Cd-metallothionein (Cd-
MT) complex (Felley-Bosco and Diezi, 1987). However, the Cd-MT complex 
2+ is degraded in lysosomes and this degradation remobilizes Cd (Cain 
and Holt, 1983). Although the freed Cd will in turn mainly be bound 
2+ to renal MT's, at a certain total level of Cd in the kidney, some Cd' 
will not be bound in MT and can be bound to other structures thus 
2+ 
explaining the renal toxicity of Cd (Piscator, 1986). We suggest that 
this free Cd2+ affects the basolateral Ca2+ pumps and thus inhibit Ca2+ 
reabsorption via the same mechanism as proposed in our model. 
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2+ 
с. Cd inhibition of Ca extrusion in non-epithelial cells 
2+ We showed that the erythrocyte membrane Ca pump has a similar high 
2+ 
sensitivity to Cd as those of the epithelial cells studied (chapter 
9+ 2+ 
6). This Ca pump inhibition may explain several effects of Cd 
2+ 
exposure on these cells. Cd is known to accumulate in the cytoplasm 
of red blood cells (e.g. Kunimoto et al., 1986). This results in an 
accelerated aging of the erythrocytes, and in increased erythrocyte 
clearance from the blood (Kunimoto et al., 1985). Interestingly, the 
2 + 
same effects have been observed in erythrocytes loaded with Ca (Shiga 
et al., 1985), and in sickle cell anemia erythrocytes. Sickled 
2+ erythrocytes have a high Ca content, which is caused by Ca pump 
failure (Bookchin and Lew, 1980). Since these cells have normal Ca-
2+ buffering capacity (Bookchin and Lew, 1980) the Ca ^ level will be 
higher than in normal erythrocytes. 
2+ The uptake of Cd by blood platelets causes protein phosphorylation 
and serotonin secretion (Pezzi and Cheung, 1987). Both effects are 
2+ dependent on a rise in Ca ι (Rink et al., 1982) and thus their 
2+ induction by Cd can be explained by the metal-induced inhibition of 
2+ the Ca pump. 
2+ Another example of effects that may be caused by inhibition of Ca 
extrusion and sequestration has been published for skeletal muscle 
cells. Toury et al. (1985) described the activation of degradative 
enzymes such as phosphollpases, proteases and Phosphorylase b kinase in 
skeletal muscle of Cd 2 + treated rats. Cd 2 + also inhibited Ca 2 + 
sequestration in muscle mitochondria. The authors concluded that their 
2+ 9+ 
observations could be attributed to an increase in Ca ^ due to Cd 
2+ inhibition of Ca transport into mitochondria. Clearly, inhibition of 
2+ Ca pumps would contribute to such an effect. 
IV Implications for environmental quality standards 
An important question remaining is whether our results on the 
2+ extreme sensitivity of the plasma membrane Ca pump have implications 
for the (re-)definition of "no-effect levels" of Cd . Using branchial 
88 
1000 nM 
FIG. 2. Effects of Cd-2+ 
exposure on branchial Ca 
uptake by trout gills in a 
double-log plot. 
[Cd] during 16 h preexposure 
2+ 2+ 
Ca uptake in trout as a parameter for Cd toxicity it was shown 
(figure 3 in chapter 2) that 10 nM waterborne Cd is a no-effect level 
when fish are exposed for 16 h to this concentration. At 100 nM Cd a 
2+ 80Z inhibition of Ca uptake was observed. These data have been 
replotted in figure 2. 
In the Netherlands the maximum acceptable concentration in 
(ultrafiltered) surface water has been set to 2.5 pg.l (22 nM; 
Staatsblad 606, 1983). It follows from figure 2 that on 16 h exposure 
2+ to 22 nM Cd 42% inhibition of Ca uptake occurs. Based on this finding 
2+ 
and the extrapolation that prolonged exposure to lower Cd 
2+ 
concentrations will lead to the same Ca uptake inhibition, 
qualitatively as well as quantitatively (chapter 3), we propose to 
lower the maximum acceptable concentration in surface water to 1 nM Cd. 
The Dutch 'National Institute of Public Health and Environmental 
Protection' (RIVM) recently considered Cd levels higher than 0.1 pg.l 
(0.9 nM) unacceptable on basis of theoretical calculations taking into 
account data on acute and chronic single-species toxicity as well as 
effects on (model) ecosystems. Our studies on Cd toxicity by evaluating 
the Ca metabolism in trout give direct evidence for the need of re­
definition of the acceptable concentration in surface water. Since in 
fresh surface water 0.07 μg.l (0L6 nM) is considered to be the 
natural Cd concentration (Förstner and Wittman, 1981) any dumping of Cd 
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should be avoided. 
A general implication of this study might be that Cd toxicity for 
organisms is best evaluated by studying their Ca metabolism as a 
specific parameter. For such an evaluation the present knowledge of 
2+ target tissues for Cd and the ability of these tissues to sequester 
the metal can be used. As an important factor in Cd toxicity the 
capacity to synthesize metallothioneins and the cellular turnover rate 
of a tissue should be considered. Cells with a limited capacity to 
synthesize metallothioneins and a low cellular turnover rate can be 
expected to develop severe disturbances in their Ca homeostasis when 
2+ 
exposed to Cd . 
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SAMENVATTING 
Het giftige element cadmium wordt in verhoogde concentraties in het 
milieu aangetroffen als een gevolg van toepassingen in de metaal-
industrie. De voornaamste bronnen van vervuiling zijn zinksraelterijen 
en bedrijven die cadmium gebruiken voor het "coaten" van metalen. 
Cadmium, opgenomen door een organisme, lijkt specifiek te accumuleren 
in organen die een belangrijke rol spelen in de calcium-homeostase, 
zoals de darm en de nieren. In de afgelopen decennia is bij het 
onderzoek naar de toxiciteit van cadmium veel aandacht besteed aan het 
vaststellen van toxiciteitsniveau's, aan het vermogen van bepaalde 
diersoorten om het metaal te accumuleren en aan fysiologische 
veranderingen die optreden ten gevolge van de aanwezigheid van het 
metaal in het organisme. Er is evenwel tot op heden vanuit het 
biologisch onderzoek weinig bekend over de molekulaire mechanismen die 
2+ ten grondslag liggen aan de toxiciteit van het cadmium ion (Cd ). 
De belangrijkste conclusie van het in dit proefschrift beschreven 
2+ 
onderzoek is dat membraan-gebonden Ca -pompen competitief geremd 
2+ 
worden door Cd en dat de plaats op het enzym waar het te 
2+ transporteren Ca gebonden wordt een 100-maal hogere affiniteit heeft 
2+ 2+ 
voor Cd dan voor Ca . 
Het onderzoek werd gestart met een bestudering van de effecten van 
cadmium (Cd) op de opname van calcium uit het water door vissen. Vissen 
zijn voor hun calcium balans primair afhankelijk van opname mechanismen 
2+ 9+ 
in hun kieuwen. Het bleek dat Cd specifiek de Ca -opname via de 
2 + kieuwen remt (Hoofdstuk 2). Onderzoek aan actief transport van Ca in 
membraan-blaasjes van geïsoleerde plasmamembranen van cellen van het 
2+ 2+ 
kieuwepitheel leidde tot de conclusie dat Cd de transepitheliale Ca 
2+ influx remt door remming van de Ca -pomp in de plasmamembraan. Het 
2+ 2+ 
Ca -transport wordt al significant geremd door Cd -concentraties in 
het nanomolair gebied. Er dient vermeld te worden dat voor deze 
transportexperimenten met membraanblaasjes steeds gebruik werd gemaakt 102 
2 + 
van media met een Ca -buffersysteem (EGTA, HEEDTA, UTA), zodat steeds 
de aanwezige vrije Cd - en Ca - en Mg -concentraties berekend konden 
worden (Hoofdstuk 4). Het bleek verder dat blootstelling van vissen aan 
2+ 2+ 
Cd in het water leidt tot een ophoping van Cd in de kieuwcellen en 
2+ 2+ 
dat Cd die cellen waarschijnlijk binnentreedt via Ca -kanalen in de 
apicale celmembraan (Hoofdstuk 3). 
2+ Uit de literatuur was bekend dat Cd de Ca opname in de rattedarm 
remt terwijl het niet duidelijk was hoe deze remming tot stand komt. 
2+ Uit ons onderzoek blijkt dat de Ca -pomp in de basolaterale membraan 
2+ 
van de darmcellen extreem gevoelig is voor Cd (Hoofdstuk 5), 
2+ 2+ 
vergelijkbaar met de Ca -pomp in de kieuwen. Remming van de Ca -pomp 
2+ 2+ 
door Cd lijkt een plausibele verklaring voor de remming van de Ca -
2+ 
opname via de darm in Cd blootgestelde dieren. Bovendien bleek in de 2+ darmcellen de opslag van Ca in intracellulaire organellen geremd te 
2+ 2+ 
worden door Cd in concentraties die ook de plasmamembraan Ca -pomp 
remmen. De oorzaak van dit effect wordt gelegd bij de remming van de 
2+ 2+ 
Ca -pompen in deze organellen. De geremde Ca -opslag zal bijdragen 
2+ 
aan de verstoring van de intracellulaire Ca -concentratie onder 
2+ invloed van Cd . 
2+ 2+ 
Om het mechanisme van de remming van de Ca -pomp door Cd verder 
2+ 2+ 
te bestuderen is de invloed van Cd op het Ca -transport door de 
membranen van menselijke rode bloedcellen onderzocht. Deze membranen 
2+ 2+ 
bevatten een hoge concentratie aan Ca -pompen waardoor het Ca -
transport zeer goed te meten is. Belangrijker is nog dat uit de 
membraanblaasjes van rode bloedcellen het intrinsieke calmodullne 
eenvoudig verwijderd kan worden. Calmodullne is een eiwit dat na 
2+ 2+ 
binding van Ca vele enzymen reguleert, ook het Ca -ATPase. In de 
membraanblaasjes kan door toevoeging van exogeen calmodullne de 
pompactiviteit dan naar believen verhoogd worden. Het bleek dat zowel 
2+ in aan- als in afwezigheid van calmodullne de Ca -pomp competitief 
2+ 2+ 
geremd wordt door Cd . De gevoeligheid voor Cd is vergelijkbaar met 
2+ die van de Ca -pomp van rattedarm en vissekieuw, hetgeen er op wijst 2+ dat aan deze remming door Cd een universeel principe ten grondslag 
2+ 2+ 
ligt. De affiniteit van de Ca -pomp voor Cd bleek ongeveer 1000-maal 
2+ hoger te zijn dan de affiniteit van calmodullne voor Cd . De 2+ 
waarnemingen brachten ons tot de conclusie dat binding van Cd aan 
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2+ 
calmoduline geen rol van betekenis speelt bij' de remming van de Ca 
pomp. 
2+ Significante binding van Cd aan calmoduline treedt pas op bij" 
2+ 
veel hogere concentraties Cd dan die concentraties waarbij het de 
9+ 2+ 
Ca -pomp remt, omdat de affiniteit voor Cd van calmoduline veel 
2+ lager is dan die welke van de Ca -pomp. Onze resultaten met betrekking 
2+ 2+ 
tot het mechanisme van remming van de Ca -pomp door Cd gaan in tegen 
2+ de heersende mening dat Cd vooral toxisch is doordat het bindt aan 
2+ 
calmoduline en op deze wijze de Ca - en calmoduline-afhankelijke 
regulatie verstoort. 
Remming van de Ca 
malen lager zijn dan die tot nu toe zijn beschreven voor andere 
:he 
,2+ 
2+ 2+ 
Remming van de Ca -pomp treedt op bij Cd -concentraties die vele 
i bese 
effecten. Voor remming van bijvoorbeeld het Na','/K+-ATPase, alkalischefosfatase of fosfodiesterase zijn 1000-maal hogere concentraties Cd 
2+ 
nodig, hetgeen de extreme gevoeligheid van het Ca -ATPase nog eens 
benadrukt. 
De resultaten van het onderzoek zijn samengevat in een model voor de 
2+ 2+ 2+ 
remming door Cd van de transcellulaire Ca -opname in een Ca -
transporterend epitheel, zoals het kieuwepitheel van vissen en het 
epitheel van de darm en de niertubuli van ratten (zie р. О). Volgens 
2+ 2+ 
dit model komt Cd de cel binnen via Ca -kanalen in de apicale 
2+ 
celmembraan. Wanneer zich een bepaalde hoeveelheid Cd in het cytosol 2+ heeft opgehoopt worden de Ca -pompen in de basolaterale celmembranen 
2+ 
en in de membranen van de intracellulaire Ca -opslagplaatsen geremd. 
2+ Ten gevolge van deze remming zal de intracellulaire Ca -concentratie 
stijgen. Als beschermingsmechanisme tegen een vergiftiging door calcium 
2+ die hierdoor dreigt, sluit de cel de Ca -kanalen in de apicale 
celmembraan. Dientengevolge kon worden verwacht dat niet alleen de 
2+ 2+ 
opname van Ca maar ook de opname van Cd wordt geremd. Dit kon 
inderdaad worden aangetoond (Hoofdstuk 3). 
Tot nu toe is het niet gelukt om de gepostuleerde verhoging van de 
2+ intracellulaire Ca concentratie aan te tonen, omdat de daarvoor 
beschikbare methodieken (analyses met behulp van de fluorescerende 
2+ 
stoffen quin-2, fura-2 en indo-1) gestoord worden door Cd . In de 
literatuur zijn echter verschijnselen beschreven die er sterk op wijzen 
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dat in weefsel van zoogdieren een verhoging van het intracellulair 
2+ 
calciumgehalte optreedt na blootstelling aan Cd , hetgeen ons model 
ondersteunt. 
Tenslotte impliceren onze resultaten dat de normstelling voor Cd in 
opppervlaktewater aanpassing behoeft. In Nederland is de maximaal 
toegestane Cd-concentratie in (ultragefiltreerd) oppervlakte water 22 
nM (Staatsblad 606, 1983). Uit de resultaten in hoofdstuk 2 kan 
afgeleid worden dat reeds na 16 uur blootstelling van forellen aan 22 
2+ 
nM Cd een remming optreedt in hun Ca -opname van 42%. Op grond van de 
resultaten uit hoofdstuk 3 mag verwacht worden dat dit effect nog 
verergert bij langere blootstellingsduur. Op basis van berekeningen met 
formules waarin velerlei toxiciteitsgegevens verwerkt zijn concludeert 
het Rijksinstituut voor Volksgezondheid en Milieuhygiëne (RIVM) dat 
concentraties boven 0.9 nM Cd (0.1 Ug.l" ) als onacceptabel beschouwd 
moeten worden. Onze gegevens steunen deze conclusie. Aangezien voor 
oppervlakte water 0,6 nM Cd beschouwd wordt als de natuurlijke 
concentratie betekent dit in feite dat elke lozing van Cd achterwege 
dient te blijven. 
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STELLINGEN 
1. De ondoorlaatbaarheld ('tightnesa') van kleuwepltheel voor C a -
loñen wordt door lage concentraties cadmium in het water (£ 1 μΜ Cd) 
niet aangetast; dergelijke concentraties cadmium veroorzaken een 
specifieke remming van de Ca -influx over de kieuwen. 
Dít proefschrift. 
2. Remming door lag· concentraties cadmium la het water van de 
calclum-opnama door de kieuwen van vissen Is niet primair het gevolg 
van blokkade van Ca -kanalen in de apicale membraan aangezien 
blootstelling aan cadmium niet tot een acut« varstoring van da Ca -
opname leidt. Dit proefschrift. 
2* 
3. Da plasmamembraangebonden Ca -pomp van diverse zoogdierweefsels en 
van vlssekleuwen wordt competitief geremd door Cd . Deze remming kan 
de verstoorde Ca -opname verklaren die optreedt in epithelia die 
worden blootgesteld aan cadmium. Dit proefschrift. 
4. Da conclusie van Mazzel «e al. dat lage concentraties Cd 'myosin 
light chain kinase' en 'phospholipid-Ca -dependent protein kinase' 
stimuleren via calmoduline is onjuist (tiazzei, G.J., Girard, P.R. & 
Kuo, J.F., 1984, FEBS Lett. 173:124-128). 
5. Het Is onwaarschijnlijk dat vergiftiging van een cel door cadmium 
primair berust op binding van cadmium aan calmoduline omdat de voor de 
celvltaliteit essentiële Ca -pompen beschikken over bindingsplaataen 
met een veel hogere affiniteit voor cadmium dan calmoduline (Contra 
Chao, S.H., Suzuki, Г., Zysk, J.R. i Cheung, W.Y., 1984, Mol. 
Pharmacol. 26:75-32). 
6. Het gebruik van adrenaline bij de perfusle van vlssekleuwen ter 
voorkoming van vasoconstrictie heeft geen effect op de Ca -fluxen over 
het kleuwepltheel (Perry, S.F., Verbost, P.M., Vermette, M.G. S, Flik, 
G., 1988, J. Exp. Zool. 246:1-9). 
7. DNA sequenties van een fertillteitsgen van Drosophlla hydel die 
specifiek T-chromosomaal zijn, zijn nauwelijks geconserveerd in de 
evolutie, terwijl sequenties uit dit gen die ook op autosomale 
chromosomen gelegen zijn Juist wel In minder verwante Drosophila 
species voorkomen (Vogt, P., Hennig, V., ten Hacken, D. Si Verbost, 
P.M., 1986, Chromosoma 94: 367-376). 
8. Het gebruik van de concentratie aanduiding 'parts per million' 
(ppm) is In strijd met afspraken an verwarrend. 
9. Het Idee dat gezond zijn het allerbelangrijkste goed zou zijn Is 
ongezond. 
10. Als de huidige milieuproblemen met eenzelfde voortvarendheid worden 
aangepakt als het probleem van hondepoep, dan zullen we nog zuur 
kijken. 
11. Het da huidige verstedelijking van ons land Is het te hopen dat de 
drang naar avontuur van kinderen niet mae in beton gegoten wordt. 
Bieter Verbost, 24 februari, 1989. 



